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Abstract

Inflammatory bowel disease (IBD) is an umbrella term that describe a group of chronic
autoimmune diseases that affects the gastrointestinal tract (GIT). These diseases include
ulcerative colitis, Crohn’s disease and indeterminate colitis. The clinical symptoms of IBD
include abdominal pain, weight loss, chronic diarrhea, rectal bleeding, bloody stool, fever and
anaemia, which all markedly decline the quality of life of the patients, compromises daily
productivity and introduces significant economic and health care burden to the society. The
exact cause of IBD is currently unknown. However, it is now appreciated that the complex
interactions of genetic predisposition, altered gut microbiome and a range of environmental
stimuli combine as potentiating factors for the disease. Specifically, IBD patients are
characterised by excessive of neutrophil infiltration to the intestinal mucosa. This is
accompanied with increased formation of neutrophil extracellular traps (NETs), a cellular
process driven by enzymes myeloperoxidase (MPO), neutrophil elastase and peptidyl arginine
deiminase IV (PAD4). Additionally, IBD patients also present with altered level of colon
metabolites such as short chain fatty acids (SCFAs), increased oxidative stress and impaired
antioxidant capacity in the inflamed colons. Collectively, these shifts from normal gut
homeostatic balance are thought to create a sustained pro-inflammatory environment in the
gut, leading the chronic perpetuation of inflammation observed in the case of IBD. Presently,
there is no definitive cure for IBD and available treatments often perceived as ineffective and
intolerable due to their high non-response rate and adverse side effects. As a result, IBD
patients commonly seek alternative treatment options, particularly in the field of natural
products and nutraceuticals.

The current thesis focuses on novel complementary and alternative medicines, investigating
the therapeutic effects of synthetic compounds and natural products in reducing redox
imbalances and alleviating gastric inflammation in the context of IBD.

Outcomes described here in

(i) Chapter 1 summarised the physiology of the human GIT under both normal and
pathological conditions, with a particular focus on IBD. This chapter detailed the
potentiating factors of IBD pathogenesis, which include dysregulated immune
response, altered gut microbiome and imbalanced redox environment, whilst
currently available and emerging intervention approaches for the disease were
also discussed.

(ii) Chapter 2 provided detailed descriptions of ethics approval and experimental
protocols that were not included or described in Chapters 3-5 due to adherence to
strict publication guidelines.

(iii) Chapter 3 is presented as a manuscript published at Bioscience Reports. This study
investigated the effect of synthetic MPO and PAD4 inhibitors on mucosal NETs
density in a dextran sodium sulfate (DSS)-induced murine model of experimental
colitis.

(iv) Chapter 4 is formulated into a second manuscript that was submitted to Redox
Report for peer review. This study examined the level of SCFAs in stools of healthy
individuals and IBD patients on a spectrum of disease severities. The correlative
relationship between SCFA profiles and common inflammatory markers was also
described in this manuscript.
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(v) Chapter 5 evaluated the effect of herbal remedies curcumin, Hedyotis Diffusa and
Amomum Villosum in restoring redox imbalance and modulating colon lipid
composition in a murine model of DSS-induced experimental colitis. Presently, this
section of the thesis is being reviewed for future submission as a manuscript.

(vi) Lastly, Chapter 6 provided general discussion of novel findings identified in the
current thesis and detailed the importance of complimentary and alternated
medicines for patients with IBD.

Overall, the data presented identify that GSK484, a synthetic inhibitor of the enzyme PAD4,
was able to decrease the density of NETs in the colon mucosa in an animal model of colitis
but this failed to inhibit the extent of experimental IBD in the same disease model. Our
analysis of disease-stage-dependent change to SCFA levels from patient stool specimens
revealed that butyrate increased markedly in patients that were categorised in remission, and
that this peak in butyrate concentration diminished rapidly in patients to present with
moderate and severe IBD judged by colonoscopy. Finally, an untargeted lipidomic analysis in
colon tissues from mice with DSS-induced experimental colitis showed that the colon
distribution of lipid underwent marked changes that were associated with disease pathology.
Whereas treatments with natural products curcumin, and tonic teas derived from Hedyotis
Diffusa and Amomum Villosum trended to differentially change the lipidome albeit this did
not return the same distribution in the control colon. However, treatment with these natural
remedies did restore the colon mucosa and decrease lesion in this animal model of colitis.
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Chapter 1: Introduction
1.1 The human gastrointestinal tract (GIT)

The human gastrointestinal tract (GIT) is a complex and essential system responsible for
digesting food, absorbing nutrients and eliminating waste products [1]. It comprises of several
organs including the mouth, oesophagus, stomach, small intestine and the large intestine [2].
Anatomically, the GIT is divided into upper and lower sections. The upper GIT consists of the
mouth, oesophagus, stomach and the three sections of the small intestine, duodenum,
jejunum and the ileum [3]. On the other hand, the lower GIT includes the colon, rectum and
the anus (Figure 1) [4]. The structure of the GIT is made up of several distinct layers (Figure
2), each contributing to its functionality [5]. The innermost mucosal layer contains specialised
absorptive and secretory epithelial cells that regulate the intake of nutrients and secretion of
enzymes and mucus involved in maintaining colon homeostasis [6]. Beneath this layer, the
submucosa contains nerves, lymphatic vessels and connective tissues, which together provide
structure and functional support [5]. A smooth muscle layer surrounds the submucosa, which
is composed of circular and longitudinal muscles responsible for peristalsis [7]. The outmost
serosal layer (serosa), made up of a continuous sheet of squamous epithelial cells, which as a
protective barrier by secreting serous fluid to reduce friction from bowel movement within
the peritoneal cavity [5].
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Figure 1.1. Schematic diagram of the human gastrointestinal tract (GIT). The upper
human GIT includes the mouth, oesophagus, stomach and the small intestine, which
then be further categorised anatomically as duodenum, jejunum and ileum. The lower
human GIT consists of the colon, which can be further separated into ascending,
transverse, descending and sigmoid colon, rectum and anus. Figure was generated in
https://BioRender.com with appropriate permissions.
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Figure 1.2. Schematic diagram of the layers of human GIT. The human GIT is
comprised of 4 main layers: mucosa, submucosa, muscularis externa and serosa.
Figure was generated in https://BioRender.com with appropriate permissions.

The primary role of the GIT is to convert ingested food into absorbable compounds that
sustains bodily function. This process is facilitated through interactions with the vascular,
lymphatic and the nervous systems, as well as through accessory organs such as the salivary
glands, pancreas, liver and the gallbladder [5, 7]. After consumption, masticated food travels
through the GIT via peristalsis, a coordinated, wave-like muscular contraction [8]. Along the
way, the food bolus is mixed with gastric acids and digestive enzymes in the stomach to form
chyme, which is then further processed along the digestive tract [9]. The stomach is the key
site of digestion [10], where it is a glandular organ that houses gastric parietal cells that are
responsible for the secretion of hydrochloric acids and intrinsic factors, the latter essential for
vitamin B12 absorption [7, 11]. Chief cells, another type of secretory cells that are found in
the stomach, produce enzyme precursor pepsinogen that breaks down proteins [12], while
enteroendocrine cells release hormones such as gastrin, histamine, serotonin and
somatostatin in the stomach to regulate digestive activities [13]. Most of the digestion and
nutrient absorption process occurs in the small intestine, where digestive enzymes break food
down into smaller molecules such as amino acids, fatty acids and simple sugars [7]. These
nutrients are then absorbed through the intestinal mucosa and distributed to the body via
dense blood vessels located in the mesentery and the lymphatic system. Remaining
undigested content then enters the large intestine via the ileocecal valve, where water and
water-soluble electrolytes re recovered and waste solidifies to form faeces [5].

In summary, the GIT functions as a highly organised system to process food, extract nutrients
and eliminate wastes. Its intricate structure and physiological processes are critical in
maintaining overall health and supporting the metabolic demands of the human body.
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1.1.1 Gut homeostasis & barrier function

The maintenance of GIT structure and physiological functions, collectively referred to as gut
homeostasis, relies on a complex system involving continuous secretion of biological agents
that regulate microbial colonisation, monitoring of the intestinal microenvironment,
detection of both beneficial and harmful microbes and the modulation of intestinal immune
responses [14]. These processes are facilitated by interactions between the gut microbiota,
intestinal epithelium and the host immune system. The key contributors to gut homeostatic
balance are summarised in Figure 3 and will be discussed below.
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Figure 1.3. Contributors of gut homeostatic balance. The gut homeostatic balance is
attributed to the balanced interactions between the factors of intestinal epithelium,
gut microtia and the host immune system. Figure was generated in
https://BioRender.com with appropriate permissions.

1.1.1.1 Intestinal barrier function

The intestinal epithelium serves as a critical interface between the internal and external
environment, providing both a physical barrier and a selective gateway [15]. Covering an
expansive surface area of approximately 30 m? [16], this layer is comprised of columnar
epithelial cells that together form a physical defence against external insults such as invading
pathogens and toxins [17]. Concurrently, selective passage of nutrients, electrolytes and
other essential molecules are necessary for maintaining gut physiology and overall
homeostasis [18]. The permeability of the intestinal epithelium varies along the GIT and is
tightly regulated to balance protection and nutrient absorption. This regulation involves two
main pathways: (i) paracellular permeability, where solutes and particulate matters cross the
epithelium between adjacent cells; and (ii) transcellular permeability, where molecules are
transported across the apical membrane of the intestinal epithelial cells [15].

Paracellular permeability is mediated by specialised protein complexes that form tight
junctions (TJs), located near the apical surface of the adjoining epithelial cells, which allows
the movement of ions, water and smaller compounds whilst simultaneously preventing the
passage of large molecules [19]. As shown in Figure 4, the TlJs are composed of
transmembrane proteins including occludins, junction adhesion molecules and members of
the claudin protein family[20]. These cell-surface proteins interact with intracellular scaffold
proteins like Zonula occludens (Z0O)-1, ZO-2 and Z0O-3, which serve as anchors for the Tls to
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cellular actin cytoskeleton, ensuring structural stability and functional regulation [21].
Beneath the TJs are additional cell-cell adhesion structures, including adherens junctions,
desmosomes, and the gap junctions (Figure 5), which support intercellular adhesion and
intracellular signalling [22-24]. The integration of these structures strengthens colon barrier
function, whilst allowing dynamic responses to physiological needs in maintaining gut
homeostatic balance.

_L JAM ]
Z0-1
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Figure 1.4. Schematic of tight junction structure. The tight junction is made up of
junction adhesion molecules (JAM), Occludin and Claudin, which all are connected to
the cellular actin cytoskeleton via intracellular scaffold proteins Zonula Occludens
(ZO)-1, 2 and 3. Figure was created in https://BioRender.com with appropriate
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Figure 1.5. Schematic diagram of epithelial intercellular junctions. The human
intestinal intracellular junctions include tight junctions, adherens junctions,

desmosomes and gap junctions, which they collectively contribute to intercellular
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adhesion and intracellular signalling. Figure was created in https://BioRender.com
with appropriate permissions.

On the other hand, transport across the intestinal epithelial cells (transcellular permeability)
encompasses multiple mechanisms to accommodate a diverse range of molecules. Passive
permeability allows large hydrophilic compounds to diffuse across the barrier, whilst
transcellular transport via the aqueous pores facilitates the movement of lipophilic and small
hydrophilic molecules [7]. Active carrier-mediated transport is crucial for the absorption of
nutrients and electrolytes, and the process of endocytosis, followed by transcytosis and
exocytosis enables the uptake and movement of larger peptides, proteins and particles [25].

Together, these processes regulate the barrier integrity and permeability of the GIT. Which
ensures a delicate balance between protection and absorption. Disruption in this balance,
such as alterations in TJs composition or function, can result in increased intestinal
permeability, a term often referred to as “leaky gut” [18]. This shift from homeostatic balance
of the GIT is associated with various disorders, which will be discussed below.

1.1.1.2 The gut epithelium

The intestinal epithelium is turned over every 3 to 5 days in humans [26]. This high rate of
renewal serves as a protective mechanism, which efficiently removes damaged or infected
cells to facilitate homeostatic balance [27]. The intestinal epithelium is generally divided into
two regions, the finger-like villi projections contain terminally differentiated cells, and crypts,
the site for a small population of intestinal stem cells at the bottom of the cryptic structure
[28]. These stem cells are vital for regenerating the epithelial cell layer, where they proliferate
continuously to drive the upward migration of immature cells towards the villous tip [29].
During their migration, epithelial cells differentiate into specialised types including absorptive
enterocytes, goblet cells and enteroendocrine cells [30]. Upon reaching the villous tip, the
mature (functional) epithelial cells perform their respective physiological roles and eventually
undergo cell death via apoptosis and are shed into the gut lumen [31]. Additionally,
neighbouring immune cells such as macrophages also recognise and clear apoptotic cells
through phagocytosis, preventing the accumulation of cellular debris [32]. Apoptosis, the
process of programmed cell death, is critical in regulating epithelial turnover and is triggered
by a wide variety of intrinsic and extrinsic factors such as deoxyribonucleic acid (DNA)
damage, nutrient deficiency, stress or death receptor signalling [33].

The balance between epithelial cell renewal and apoptosis needs to be tightly regulated, as
disruption to these two processes can lead to pathologies [34]. It is now widely appreciated
that excessive cell death compromises epithelial barrier function, which promotes bacterial
invasion and inflammation, whilst insufficient apoptosis has been linked to the abnormal
accumulation of epithelial cells and the development of colonic polyps that increase the risk
of colorectal cancer [35]. Thus, maintaining the balance is essential for epithelial integrity,
barrier function and over gut health.

1.1.1.3 Immune cells in the gut

The GIT hosts a sophisticated mucosal immune system, encompassing both innate and
adaptive immune components, in which resident cells synchronously monitor luminal content
to distinguish between commensal microbiota and food antigens (tolerance) and invading
pathogens that may potentially cause pathologies. Immune cells involved in gut homeostasis
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include macrophages, dendritic cells and B-lymphocytes that are strategically located within
the intestinal mucosa, mesenteric lymph nodes and Peyer’s patches. Additionally,
polymorphonuclear leukocytes (PMNs) such as neutrophils act as the first responder for the
gut innate immune system, playing a crucial part in pathogen clearance and maintaining
intestinal epithelial integrity, whilst mast cells and innate lymphoid cells further aid gut
homeostasis through a myriad of cellular interactions and processes [36]. All these cells are
critical for immune surveillance, pathogen elimination, and maintaining gut homeostasis and
fostering a balanced immune response are summarised in Figure 6 and discussed below.
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Figure 1.6. Schematic summary of gut homeostatic balance maintaining immune cells
and their functions. Several types of immune cells in the gut are responsible for
maintaining gut homeostatic balance. Macrophages engulf bacteria and apoptotic
cells, secrete cytokines such as IL-183, IL-10 and TNF-a, and promote epithelial healing.
Dendritic cells capture antigens and regulate T-helper (Th) cell response and
ultimately promote the induction of regulatory T-cells (Treg). B-lymphocytes are
responsible for T-cells activation and antibody production whilst neutrophil contribute
to bacterial clearance through phagocytosis, reactive oxygen species production and
neutrophil extracellular traps (NETs) formation, mediated by neutrophil elastase (NE),
myeloperoxidase (MPO) and peptidyl arginine deiminase type IV (PAD4). Innate
lymphoid cells also secrete cytokines, supporting epithelial integrity and regulating
antibody production. Mast cells enhance pathogen clearance via protease release,
cytokine production and regulating IgA responses. Figure was generated in
https://BioRender.com with appropriate permissions.

Cytokine production

1.1.1.3.1 Macrophages

Macrophages are specialised phagocytes that play a crucial role in regulating gut homeostasis,
being present throughout the GIT and across all layers of the gut wall. Characteristically these
cells are identified by their expression markers CD11b [37], CD64 [38] and CD68 [39]. The
anatomical positioning of macrophages within the gut wall highlights the phenotypes, and
transcriptome of these cells. For instance, macrophages are more abundant in the colonic
lamina propria and have higher expression of acid phosphatase 5 and complement
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component 1q [39]. On the contrary, there are fewer macrophages within deeper gut layers,
and they express higher levels of LYVE1, CD163 and COLEC12 [39].

The functional difference between colonic macrophages and resident macrophages in other
human organs remains elusive however, studies in murine models suggest that macrophages
act as a first-line of defence in the gut, engulfing and destroying bacteria that breach the
epithelial mucosal barrier [40]. It has also been shown that they are involved in efferocytosis
[41], a process of clearing apoptotic epithelial cells to maintain gut health. Beyond their
defensive roles in the gut, colonic macrophages can promote intestinal epithelial repair by
providing trophic signals such as hepatocyte growth factor [42] and activating the Wnt
signalling pathway [43]. Moreover, intestinal macrophages have been reported to
constitutively secrete immunoregulatory cytokine interleukin (IL)-10 [44], which is essential
in regulating CD4*-mediated T-cell activities [45], signalling a decrease in inflammation and
maintaining epithelial integrity. In addition, the macrophage-derived pro-inflammatory
cytokine IL-1B has also been shown to maintain T-helper (Th)17 cells to promote mucosal
immune protection [46], whilst the inflammatory mediator tumour necrosis factor (TNF)-
alpha released by macrophages activates a range of down-stream pathways that strengthens
epithelial integrity [47]. Together, the multi-functional role of macrophages in immune
defence, intestinal epithelial turn-over and structural support underscores their importance
in persevering gut homeostasis and ensuring physiological function of the GIT.

1.1.1.3.2 Dendritic cells

Dendritic cells (DCs) are essential antigen-presenting cells that can be found throughout the
intestinal lamina propria, Peyer’s patches, isolated lymphoid follicles and mesenteric lymph
nodes in the gut [48]. They maintain gut homeostasis by balancing immune tolerance to
commensal bacteria and self-antigens, whilst retaining immune protection against invading
pathogens [49]. The subsets of intestinal DCs can be distinguished by their functions and
markers. For example, CD103* DCs are primarily localised to the intestinal lamina propria and
mesenteric lymph nodes, in which they are responsible for promoting the induction of Foxp3*
regulatory T cells (Tregs) [50].

Induction of Foxp3+ Tregs is driven by retinoic acid, a vitamin A metabolite and transforming
growth factor beta (TGF-B) [51], supporting immune tolerance and epithelial health under the
steady state. In contrast, CD103- DCs, which express high levels of CX3CR1 [52], extend
dendrites into the intestinal lumen to sample antigens from commensal microbes and
apoptotic epithelial cells [53]. These cells form TJ-like structure with epithelial cells in a
CX3CR1-myeldoid differentiation factor 88 (MyD88)-dependent manners to facilitate antigen
update [54], and subsequently migrate to the mesenteric lymph nodes to present sampled
antigens to naive T cells and initiate the differentiation of Th17 cells [55]. In Peyer’s patches,
it has been shown that CD11b-CD8a* subset of DCs produce IL-12 to drive Thl immunity,
whilst the subset of DCs that express CD11b and lacks CD8a expression secrete IL-10 to
promote Th2 responses linked to the resolution of local inflammation [56]. The ability for DCs
to orchestrate Thl, Th2, Th17 and Treg responses, implicates a pivotal role for these cells in
preserving gut homeostasis and protecting again pathogens.

1.1.1.3.3 B-lymphocytes

B-lymphocytes act through various mechanisms to maintain gut homeostasis, including
antibody production, antigen presentation to T-cells, immunomodulatory cytokine secretion,
and supporting the development of secondary lymphoid organs. A key immune function of



gut-associated B-cells is the production of immunoglobulin (Ig) A, initiated during intestinal
colonisation by bacteria shortly after birth [57]. This process involves the class switching
production of IgM to IgA molecules, which is crucial for establishing immune tolerance and
immune defence in the gut [58].

Distributed throughout the lamina propria of the intestinal villi, B-lymphocytes produce ~40-
60 mg/kg/day of IgA [59, 60], which is transported across the intestinal epithelium and
secreted into the gut lumen. Secretory IgA serves as a first line of defence by preventing
pathogens and toxins from adhering to, or invading, the intestinal epithelium. This is achieved
by blocking receptor-binding domains [61, 62], mediating immune exclusion through
agglutination, entrapment and clearance [63] and the formation of protective biofilms [64].

It has been reported that about 45% of the gut bacteria were bound with secretory IgA in
healthy humans [65], with IgA-bound bacteria gaining a selective advantage in forming stable
biofilms in the gut [66] and maintaining appropriate metabolism of luminal contents such as
carbohydrates [67]. On the contrary, the absence of IgA disrupts gut homeostasis as evidence
from a study in AlD-deficient mice, where the lack of IgA leads to a 100-fold increase in the
number of anaerobic bacteria in the small intestine [68], effectively skewing the microbiome
through shifting microbial diversity. Moreover, deficiencies in mature B-lymphocytes have
been shown to exacerbate oxidative stress caused by commensal bacteria [69], which further
highlights the integral role of B-cells in regulating gut commensal bacterial responses and
maintaining the gut immune homeostasis.

1.1.1.3.4 Neutrophils

Neutrophils are a type of polymorphonuclear leukocyte that act as the first line of defence for
the gut innate immune system, in which they possess strong capabilities to detect and
eliminate infections with high efficiency [70, 71]. Notably, depletion of neutrophils in a mouse
model of experimental colitis results in aggravated inflammation in the colonic mucosa [72],
highlighting the importance of this immune cell-type in regulating gut immune responses. In
response to noxious stimuli, circulating neutrophils initiate rapid infiltration into the affected
tissues [73]. After tissue infiltration, neutrophils recognise and phagocytose pathogens, and
produce reactive oxygen species (ROS) such as superoxide anion radical (02") and hydrogen
peroxide (H,02) through respiratory burst to deactivate invading bacteria [74]. They also
release bactericidal enzymes such as myeloperoxidase (MPO) through degranulation; MPO
utilises H20, to produce the powerful two-electron oxidant hypochlorous acid (HOCI) via the
halogenation cycle to further facilitate the bacterial action (Figure 7) [75, 76]. Additionally,
HOCL has been shown to react with heparan sulfate to generate polymer-derived N-chloro
derivatives such as chloramines and chloramides [77], in which they retain their oxidising
capacity and induce oxidative modifications at sites that are distant from the site of
inflammation [76]. Whilst neutrophil-mediated ROS production provides efficient pathogen
removal, excessive production of H,O, and HOCI, and their secondary reactive species can
lead to oxidative damage to host tissue, which has been proposed to be one of the major
potentiating factors for inflammatory bowel disease (IBD, will be discussed further in Sections
1.3.1and 1.3.5)
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Figure 1.7. Halogenation activities of myeloperoxidase. The neutrophil enzyme
myeloperoxidase (MPO) utilises hydrogen peroxide to catalyse the production of
halogenated products hypochlorous acid (HOCI), hypobromous acid (HOBr) and
hypothiocyanous acid (HOSCN). Of which, HOCI are known for their bactericidal
activity in the gut, in which regulating immune responses through non-specific DNA
damage. Figure was generated in https://BioRender.com with appropriate
permissions.

Another key mechanism employed by neutrophils to eliminate invading bacteria is the
formation of neutrophil extracellular traps (NETs) [78]. This process is known as NETosis, and
it is initiated by ROS-induced nuclear translocation of NE, which results in nuclear chromatin
decondensation [79]. The decondensed chromatins allow the conversion of histone arginine
into citrulline (citH3) by the activity of peptidyl-arginine deiminase IV (PAD4) and the binding
of MPO, which disassemble the nuclear envelope, leading to the subsequent rupture of the
neutrophil membrane and the release of neutrophil contents into the extracellular space [79,
80]. This enables NETosis in the extracellular space allowing retention of MPO bactericidal
actions, which extends the bacterial killing effects of neutrophils beyond their cell death [78]
(see Figure 1.8 for molecular mechanism of NETosis).
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Figure 1.8. Molecular mechanism of NETosis. The formation of neutrophil
extracellular traps (NETosis) can be triggered by various endogenous stimuli such as
cytokines, immune complexes and activated platelets as well as exogenous factors
such as crystals, bacteria, viruses, fungi and small microbes. These stimuli activate
downstream signalling pathways to induce the generation of reactive oxygen species
(ROS), which initiates the release of neutrophil elastase (NE) from the azurosome
complex within the neutrophil granules, an essential process during NETosis. This
results in the degradation of actin cytoskeleton and nuclear translocation of NE to
drive chromatin decondensation. The process of chromatin decondensation can also
be inducted by peptidyl arginine deiminase IV (PAD4)-mediated citrullination and
myeloperoxidase (MPO) binding. Figure was adapted from [81, 82] and generated in
https://BioRender.com with appropriate permissions.

Neutrophils have historically been regarded as a uniform group pf fully matured immune cells
with limited functional diversity, characterised by expression of surface marker such as Ly6G
in mice and CD66b in humans [83]. This perspective stems from their relatively short life-span,
diminished transcriptional activity and inability to re-enter the vasculature once infiltrated
into peripheral tissues [84]. However, growing evidence over the past few decades has
revealed that neutrophils exhibit greater phenotypic diversity and functional adaptability
than previous dogma. In addition to their anti-microbial activities, neutrophils also have a role
in intestinal epithelial healing and resolving inflammation. For example, CD177* neutrophils
have reduced production of pro-inflammatory cytokines IL-6, IL-17A and IFN-y and elevated
production of IL-22 and TGF-B [85], which are essential in promoting tissue repair [86].
Neutrophils also secrete vascular endothelial growth factors [87] and pro-resolving lipid
mediators Protectin D1 and Resolvin E1 [88]. These molecules have been shown to reduce
neutrophil recruitment [88, 89] and promote the macrophage-induced clearance of apoptotic
neutrophils [90, 91], preventing the excessive aggregation of these destructive immune cells.
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Together, neutrophils maintain gut homeostatic balance by balancing their pro-inflammatory
action with mechanisms that promote mucosal healing through a complex pathway of protein
secretion that facilitates the resolution of inflammation.

It has also been shown that neutrophils influence the metabolism and oxygen dynamics of
the gut. Hypoxia inducible factor (HIF) is a global regulator of gene expression under low-
oxygen conditions [92]. Stabilisation of HIF in the colonic mucosa has been shown to promote
the expression of anti-microbial peptides such as B defensin-1 [93] and proteins essential for
sustaining the mucosal barrier [94]. During acute inflammation, it has been reported that
neutrophils increase oxygen consumption and alter the tissue microenvironments in ways
that stabilise HIF. Additionally, the low oxygen environment created as a result of neutrophil-
induced oxygen utilisation in the gut foster microbial production of short chain fatty acids
(SCFAs), which further support the stabilisation of HIF and mucosal barrier integrity [94].
Overall, neutrophils serve as a critical mediator of gut homeostasis and dysregulated
neutrophil actions and elevated formation of NETs has been associated with various GIT
disorders such as inflammatory bowel disease (IBD), which will be discussed in greater details
in this thesis.

1.1.1.3.5 Mast cells & Innate lymphoid cells

Mast cells are tissue-residence cells derived from haematopoietic origins and play a crucial
role in maintaining mucosal homeostasis [95]. Firstly, mast cells support pathogen clearance
by releasing proteases and increasing vascular permeability of the gut [96, 97], which
facilitates the recruitment of neutrophils [98] and eosinophils to the site of inflammation or
infection [97]. It has also been shown that mast cells regulate the production of IgA by
facilitating the differentiation of B-cells into IgA-producing plasma cells in the intestinal
environment through the secretion of IL-6 [99], and via CD40 ligand-CD-40-mediated cell-cell
interactions [100], which are essential in establishing oral tolerance and immune defence in
the gut (discussed above). Additionally, mast cell-derived chymase tightly regulate intestinal
permeability, where mast cell and chymase deficient mice showed impaired epithelial
migration and decreased epithelial barrier function [101], highlighting the important role of
mast cells in maintaining gut epithelial integrity.

On the other hand, innate lymphoid cells (ILCs) are a group of innate immune cells derived
from still poorly characterised lymphoid precursors, lacking the RAG-mediated recombined
antigen receptors found in T- and B-lymphocytes [102]. There are three main categorised
groups of ILCs, based on their secreted cytokine profiles. Group 1 ILCs produce Thl-like
cytokines such as IFN-y, Gorup 2 ILCs secrete Th2-associated cytokines, including IL-5 and IL-
13, whilst Group 3 ILCs are key source of TH17-like cytokines such as IL-17A and IL-22 [103].
Of these ILCs, Group 3 ILCs have been found to play a pivotal role in maintaining intestinal
homeostasis through the production of IL-22, a homeostatic cytokine essential for epithelial
cell-mediated immune responses [104]. The cytokine IL-22 acts on IL-22 receptors located on
intestinal epithelial cells, which stimulates the production of anti-microbial peptides such as
Reglll-B and Reglll-y [105], enabling the elimination of invading bacteria. Moreover, IL-22
deficient mice have been shown to exhibit increased crypt apoptosis, loss of epithelial
integrity and elevated susceptibility to tissue damage [106], highlighting the role of ILC3-
produced IL-22 in maintaining barrier function and its contribution to gut homeostasis.
Together with other aforementioned immune cell types above, mast cells and ILCs combine
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to maintain intestinal epithelial integrity and contribute to gut homeostatic balance through
a myriad of intracellular and extracellular processes.

1.1.1.4 Gut microbiome

The gut microbiome is made up of a diverse community of microorganisms, including
bacteria, archaea, fungi, viruses and bacteriophages [107, 108], all of which play a critical role
in maintaining gut homeostasis. A healthy gut microbiome is predominantly composed of
bacterial phyla such as Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria [109],
with smaller contributions from phyla of Verrucomicrobia, Fusobacteria, Tenericutes and
Spirochetes [110, 111]. Maintaining appropriate microbial bacterial distribution and density
is crucial for gut health. A dense microbial community in the colon facilitates nutrient
absorption and fermentation [112, 113], whereas a low-density microbial distribution in the
small intestine is beneficial to avoid bacterial overgrowth [114]. Small intestinal bacterial
overgrowth can lead to excessive bile salt deconjugation, malabsorption, diarrhoea and
weight loss [114]. In addition to microbial density in the GIT, the metabolic products of these
microbes profoundly influence host physiology, which also contribute substantially to
maintaining physiological gut homeostasis.

The colonic microbial ecosystem harbours a microbial density approximately 100 times
greater than any other sites in the body [115], with the intestinal microbes serve as a principal
source of biologically active metabolites. In the colon, intestinal bacteria ferment undigested
macronutrients, particularly plant polysaccharides into SCFAs that range between C2-C5 in
carbon length and include acetate (C2), propionate (C3), butyrate (C4) and valerate (C5) [116].
These volatile metabolites provide energy support to the intestinal epithelial barrier and
modulate immune responses. For example, SCFA acetate has been shown to resolves
intestinal inflammation and prevent Escherichia coli-mediated enteropathogenic infection
through G-protein coupled receptor (GPR) 43 [117, 118], whilst the production of another
SCFA butyrate reported to strengthens barrier integrity [119] and have profound depressive
effect on cytokine production in naive Th cells [120]. Moreover, it has been demonstrated
that the amount of dietary fibre can influence the concentrations of luminal SCFAs [121],
which subsequently influence the composition of gut microbiota in a cyclic manner [122].
Therefore, the balance of gut microbiome and its interaction with host metabolism and
immune system underscore its essential role in sustaining gut homeostasis and overall
physiological immunity.

1.1.1.5 Redox balance in the gut

Oxidation-reduction (Redox) chemical reactions involve transfer of electrons between two
species [123], and redox balance plays a crucial role in maintaining gut homeostasis by
mediating microbial composition, immune responses and tissue repair. Locally formed ROS
are central to this balance, with their production primarily driven by the enzyme nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOX), as well as other sources like
mitochondrial complex I, Il and Ill, and enzymes xanthine oxidase, cyclooxygenase,
lipoxygenase and myeloperoxidase [124].

In addition to the enzymic sources identified above, under normal physiological conditions,
about 1-2% of molecular oxygen is converted into O, via mitochondrial electron transport
chain leakage [125], establishing a basal electrophilic potential. Cellular O, are rapidly utilised
by endogenous superoxide dismutase (SOD) to form H,0,, a more stable mediator of the gut’s
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electrophilic tone [126]. Thus ROS, including the parent Oy~ species and derivatives such as
H,0,, serve dual roles as anti-microbial agents and redox signalling molecules. Cellular ROS
production is tightly regulated, as excessive ROS generation caused by factors like
mitochondrial damage, hypoxia or increased metabolism can disrupt redox homeostasis [124,
127]. An imbalance in redox reactions may also lead to the formation of secondary oxidants
such as peroxynitrite anions (ONOO", formed by the rapid reaction between O~ and nitric
oxide). Like myeloperoxidase-derived HOCI| (discussed above), ONOO" is a potent two-
electron oxidant that causes irreversible protein modification that can comprise tissue
integrity [128].

During immune activation or tissue injury, a controlled elevation of electrophilic tone occurs
in the gut, supporting wound healing and immune surveillance. Following pathogen
clearance, the nucleophilic tone is restored by eliminating damaged tissues and re-
establishing redox equilibrium. In addition to the establishment of electrophilic and
nucleophilic tones in the gut, redox balance is also a key driver in bacterial community
composition in the gut. The energy molecule adenosine triphosphate (ATP) is generated
through redox reactions [129], where electron transfers from donors like glucose obtained
from food nutrients to acceptors such as oxygen in the gut. Facultative anaerobes like
Lactobacillaceae and Enterobacteriaceae in the oxygen-rich small intestine can utilise oxygen
or nitrate as electron acceptors to produce ATP but switch to fermentation when acceptor
molecules are absent or in low local concentration [130, 131]. In contrast, obligate anaerobes
such as Bacteroidia and Clostridia dominate the oxygen-poor, densely populated large
intestine [132, 133]. These microbiota fermenters reply on endogenous electron acceptors
like pyruvate to produce ATP [134]. As ATP is essential for appropriate growth of bacteria
[135], disruption to redox balance could result in alteration to GIT bacterial community
alteration. Thus, efficient redox homeostasis safeguards the gut mucosa against unregulated
ROS-induced damage and preserves the structural and functional integrity of the gut,
ensuring microbial balance and supporting overall gut health.

1.1.2 Bowel disorders

Physiological GIT function is crucial for sustaining gut homeostasis, but when compromised,
it can lead to pathological conditions including (but not limited to) general infection of the
GIT, food allergy, gastroesophageal reflux disease (GERD), cancer, irritable bowel syndrome
(IBS) and inflammatory bowel disease (IBD) [136]. These disorders often manifest as a range
of symptoms including ulceration, inflammation, obstruction, diarrhoea, constipation and
abdominal pain.

A key common factor in the development and progression of GIT disorders is increased
intestinal permeability and abnormal barrier function, which disrupt normal gut homeostatic
balance. The symptoms of many of these GIT disorders are often exacerbated during periods
of stress, and negative emotions such as anxiety and depression [137]. The following section
provides a brief description of the common GIT disorders and discuss how disrupted gut
homeostasis may result in the development and progression of these conditions.

1.1.2.1 General infection in GIT (Gastroenteritis)

Gastroenteritis is a short-term illness characterised by infection and inflammation of the GIT,
commonly caused by viruses, bacteria, parasites, chemicals or medications [138]. Acute
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gastroenteritis affects individuals of all ages, with young children and elderly being
particularly vulnerable to dehydration and severe complications [139].

Amongst infectious causes, enteric viruses are the leading contributors to gastroenteritis in
the world [139]. Rotaviruses primarily affect young children [140], whilst noroviruses infect
individuals across all age groups, accounting for approximately 20% of global cases of acute
gastroenteritis [141]. Viral gastroenteritis presents with sudden onset of vomiting, watery
diarrhoea, abdominal cramps and low-grade fever [142]. However, distinguishing viral from
bacterial gastroenteritis based solely on clinical symptoms is challenging, necessitating
laboratory testing for precise diagnosis [139]. Most cases of viral gastroenteritis resolve
within 2-5 days [143], with treatment primarily focusing on maintaining adequate hydration
[139]. It has been shown that rotaviruses target the intestinal villus enterocytes and
enteroendocrine cells whilst sparing crypt cells, leading to enterocyte infections that cause
absorptive cell destruction, enzyme downregulation and dysfunction of the TIs [144].
Conversely, the exact pathogenesis of norovirus-induced gastroenteritis remains unclear due
to historical difficulties in cultivating the virus in laboratory settings [145]. Nonetheless,
studies suggest norovirus infection is associated with epithelial barrier dysfunction [146], and
viral antigens have been detected in villus enterocytes of immunocompromised patients with
chronic infection [147].

On the other hand, bacterial gastroenteritis is frequently caused by Campylobacter,
enteroaggregative Escherichia coli, non-0157 Shiga-toxin-producing E. coli and non-typhoidal
Salmonella species [148], and it is the primary cause of traveller’s diarrhoea [149]. The
pathogenic mechanism of bacterial gastroenteritis involves toxin production and direct
invasion of the intestinal mucosa, leading to dysentery in the GIT [150]. Like viral
gastroenteritis, mortality from bacterial-induced gastroenteritis is often due to severe
dehydration, particularly in vulnerable populations such as infants and the elderly [151].
Other common causes of gastroenteritis include Giardiasis [152] and Cryptosporidium
infection [153].

1.1.2.2 Food allergy

Food allergy is a GIT disorder that arises due to a failure in oral tolerance, a natural immune
response regulated by gut-associated lymphoid tissues and influenced by the gut microbiota
[154]. The GIT serves as the primary exposure site to food allergens, leading to a range of
symptoms including nausea, vomiting, diarrhoea, abdominal food, regurgitation and
constipation [155]. These allergic reactions occur when the immune system mistakenly
identifies certain food proteins as harmful, triggering a dysregulated inflammatory response.

Food allergy is most prevalent in infancy and early childhood, affecting about 6-8% of children
[156]. This increased susceptibility is attributed to the immaturity of the gut barrier and
immune system in these young individuals [157]. The most common food allergens,
responsible for over 90% of food allergies in children worldwide [155], include dairy products
such as milk, butter, cheese and cream, eggs, soybeans, wheats, peanuts, tree nuts such as
almonds, hazelnuts and cashews, as well as seafood such as fish and shellfish [158]. Whilst
many children outgrow allergies to dairy products, eggs, soybeans and wheats, studies
indicated that allergies to peanuts, tree nuts and seafood often persist into adulthood [159].
Additionally, the worldwide prevalence of food allergies has increased over the last decade
[160], like due to the global adoption to the Westernised lifestyles and diets [155].
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Allergic food reactions can range from mild gastrointestinal symptoms to severe, life-
threatening anaphylaxis [161]. The diagnosis of food allergy is based on clinical presentation,
medical history and laboratory tests [162]. Initiation assessment involves the evaluation of
symptoms onset, followed by investigation of potential co-factors that exacerbate reactions.
These co-factors include exercise, alcohol and the use of non-steroidal anti-inflammatory and
anti-histamine drugs [163]. The collected information then guides the appropriate selection
of laboratory test to confirm the allergy diagnosis.

1.1.2.3 Gastroesophageal reflux disease (GERD)

Gastroesophageal reflux disease (GERD) is a chronic condition characterised by recurrent
heartburn and acid regurgitation, often leading to complications such as oesophagitis, peptic
strictures and Barrett oesophagus [164]. GERD is caused by the dysfunction of the oesophago-
gastric junction, where the prolonged relaxation of lower oesophageal sphincter allows the
gastric contents to be refluxed in the oesophagus [165]. In addition to recurrent acid
regurgitation, GERD patients may also experience extra-oesophageal symptoms such as
hoarseness, cough, wheezing and asthma, as gastric juices reach the pharynx, larynx and into
the airways [166]. Figure 1.9 shows a representative macroscopic image of an oesophageal
tissue obtained from a GERD patient, which illustrates the characteristic tissue damage
(ulceration to the mucosa) associated with the condition as a result of acid reflux.

Normal
mucosa

Ulceration to
the mucosa

Figure 1.9. Representative macroscopic image of an oesophageal tissue with
gastroesophageal reflux disease (GERD). The specimen is obtained from a male
patient with GERD. The proximal oesophageal mucosa appears normal whilst a
markedly dark colour with the presence of ulceration can be seen in the distal region,
which are thought to cause by the reflux of gastric contents. The image was provided
by The Ainsworth Interactive Collection of Medical Pathology, Faculty of Medicine &
Health, The University of Sydney, specimen ID 33.2571.1.

GERD reportedly affects ~13.3% of adults globally, with high rates observed in South Asia,
Central, South and North America, and Europe [167]. It has been shown that the prevalence
of GERD increases with age, affecting 14% of individuals under the age of 50 and 17.3% of
those who are 50-year-old and older [167]. GERD is also common in infants, with nearly 50%
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of them experiencing daily regurgitation or vomiting, however, 90% of these cases
spontaneously resolve by 1 year of age [168].

Complications of GERD include esophagitis, which occurs in 18-25% of symptomatic patients
[169], and peptic strictures, which develops in 7-23% of those with untreated erosive
oesophagitis [170]. A meta-analysis on over 26,000 GERD patients have found that the pool
prevalence of Barrett oesophagus, a precursor lesion of oesophageal adenocarcinoma (OAC),
is 7.2% [171]. The incidence of oesophageal cancer has increased rapidly over the last 40
years, averaging 1.1 cases per 100,000 persons in men and 0.3 per 100,000 persons in women
[172].

Lifestyle modifications, such as weight loss, smoking cessation, bed elevation and dietary
adjustments have been shown to effectively alleviate GERD symptoms [173-175].
Additionally, proton pump inhibitors (PPls) are the most effective pharmacological
intervention [176], and continuous PPIs treatment is recommended for patients with
oesophagitis and Barrett oesophagus to prevent recurrent acid regurgitation and reduce
cancer risk [177].

1.1.2.4 Cancers of the GIT

Cancers of the GIT are amongst the most prevalent forms of malignancy in human, arising
from distinct tissues that make up the digestive system. The common types of GIT cancers
include oesophageal cancer, stomach cancer and colorectal cancer.

1.1.2.4.1 Oesophageal cancer

Oesophageal cancer is a significant global health concern, ranking as the sixth leading cause
of cancer-related deaths worldwide [178]. There are two major subtypes of oesophageal
cancer: oesophageal squamous cell carcinoma (OSCC) and OAC. OSCC originates from the
squamous epithelial cell lining of the oesophagus [179], accounts for nearly 90% of
oesophageal cancer globally [180] (See Figure 1.10 for a macroscopic representative image
illustrating the typical appearance of OSCC, highlighting the key pathological feature of cancer
infiltration into the adjacent mucosa). Despite OSCC being the prominent subtype of
oesophageal cancer in the world, its incidence is declining in many regions [181, 182]. Risk
factors of OSCC include chronic chemical or physical damage to the oesophageal mucosa
[183] and a low intake of fruits and vegetables [184]. In contrast, the incidence rates of OAC
have been increased markedly over the recent years [185]. As discussed above, OAC develop
from Barrett oesophagus, where the tumours are primarily localised to the distal oesophageal
region with a glandular structure [186]. The main risk factor for OAC is prolonged reflux of
gastric acids (often in the case of GERD) or bile [187]. The prognosis rate for patients with
oesophageal cancer is poor, with the 5-year survival rate being less than 20% for both
subtypes [188, 189]. However, both OSCC and OAC have detectable dysplastic precursor
lesions, which can be identified though endoscopy [190] and treated with local ablation
therapies [191, 192], which potentially avoids extensive surgical remove of the oesophagus.

Treatment strategies for OSCC and OAC heavily depends on tumour stages and patient fitness,
where endoscopic resection is common for very-early-stage designated tumours (relatively
small primary tumour size, no regional lymph node infiltration and absence of distal organ
metastasis), whereas chemotherapy, chemoradiotherapy or a combined strategy of
chemotherapy and oesophageal resection may be used for more advanced staged tumours
[180].
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Figure 1.10. Representative macroscopic image of an oesophageal squamous cell
carcinoma (OSCC) tissue with a fungating tumour. The fungating tumour can be
observed in the middle of the oesophagus. There are signs of mucosa infiltration but
the tumour has yet to penetrate the full thickness of the oesophageal wall. The
specimen image was obtained from The Ainsworth Interactive Collection of Medical
Pathology, Faculty of Medicine & Health, The University of Sydney, specimen ID
33.861.2.

1.1.2.4.2 Stomach cancer

Stomach cancer, also known as gastric cancer, is the fifth most common cancer and the third
leading cause of cancer-related deaths in the world, with over 1 million new cases diagnosed
annually [193]. It is anatomically classified into true gastric adenocarcinoma (non-cardia
gastric cancer) and gastro-oesophageal junction adenocarcinoma (cardia gastric cancer), with
the latter further categorised using the Siewert classification [194]. Heliobacter pylori
infection is the most significant risk factor for sporadic gastric cancer [195], as chronic
inflammation induced by the bacteria can lead to oncogenesis though altered cell
proliferation, apoptosis and epigenetic modification of the stomach [196]. Epstein-Barr virus
has also been shown to associate with the development of gastric cancer [197], particularly
in cases with lymphoid stroma. However, the pathogenic mechanism of this virus in inducing
gastric cancer development is currently unclear [198]. Additionally, it has been shown that
approximately 10% of gastric malignancies occur within families [199], where genetic
mutation in CDH1 and CTNNA1 has been observed in hereditary diffuse gastric cancer [200,
201], a common type of hereditary cancer syndrome. Early-stage gastric cancer is often
asymptomatic [202], as a result, gastric cancer patients often received their diagnosis toward
the later stage, which contributes the high mortality rate of this malignancy. Common
symptoms of gastric cancer include anorexia, dyspepsia, weight loss and abdominal pain, with
dysphagia also seen in tumours gastro-oesophageal junction [203]. The main treatment
option for gastric cancer is adequate surgical resection of the carcinogenic area of the
stomach [204].

1.1.2.4.3 Colorectal cancer

Colorectal cancer is the third most commonly diagnosed cancer and the second leading cause
of cancer-related death worldwide [205, 206], with over 1.9 million new cases and
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approximately 940, 000 deaths recorded in 2020 [207]. Its development is influenced by
multiple factors, including genetic predisposition, family or personal history of colorectal
cancer, polyps, IBD, diabetes mellitus, and previous cholecystectomy [208-213]. Lifestyle
factors such as obesity, physical inactivity, smoking, alcohol consumption and poor diet also
increase the risk [209, 214-217], alongside influences with gut microbiota and socioeconomic
status [218, 219]. The carcinogenesis of colorectal cancer occurs in three stages [220],
initiation, promotion and progression, where it starts with irreversible genetic damage,
followed by abnormal cell proliferation and formation of benign precursor lesion, and
ultimately transformation of benign precursor lesion into malignant tumours with aggressive
features and metastatic potential. Adenomatous and serrate polyps are recognised as
precursor carcinogenic lesion in most cases of colorectal cancer [221, 222].

Patients with colorectal cancer may present with rectal bleeding, abdominal pain, changes in
bowel habits, unexplained weight loss and iron-deficiency anaemia [223]. Diagnosis of the
disease primarily relies on endoscopic procedures such as colonoscopy, sigmoidoscopy and
rectoscopy [216], which allow for tumour detection and tissue sampling. Currently, surgery
remains the primary curative approach for non-metastatic colorectal cancer cases [224], with
pre-operative or chemoradiotherapy recommended for advanced stage tumours to improve
surgical outcomes [225]. Representative macroscopic image of colorectal cancer is
highlighted in Figure 1.11a, where the tumour has infiltrated the full thickness of the intestinal
wall. The tumour also resulted in dilation and muscle hypertrophy of the colon above the
lesion and a complete obliteration of the intestinal lumen in the distal part of the colon. Figure
1.11b shows the representative microscopic image of the tissue section isolated from the
same specimen, where a clear glandular pattern adenocarcinoma invading into the
muscularis propria layer could be observed.

(a) (b}
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Figure 1.11. Representative macroscopic and microscopic images of colon
adenocarcinoma. (a). Representative macroscopic image of a resected colon
specimen. A white, annular, obstructing mass measuring 2.5 cm in length and 2 cm in
diameter can be seen at the centre of the specimen. This lesion is located at the
splenic flexure and has infiltrated the entire thickness of the intestinal wall. Proximal
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to the lesion, the colon exhibits dilatation and muscular hypertrophy and the lumen
appears almost completely occulted by the mass. The image of this specimen was
obtained from The Ainsworth Interactive Collection of Medical Pathology, Faculty of
Medicine & Health, The University of Sydney, specimen ID 354.863.4. (b).
Representative microscopic image of the same specimen. The image was obtained
from the Etaki virtual slide platform (Discipline of Pathology, Faculty of Medicine &
Health, The University of Sydney).

1.1.2.5 Irritable bowel syndrome (IBS)

Irritable bowel syndrome (IBS) is a chronic functional disorder of the GIT characterised by
altered bowel functions [226]. Patients with IBS often present with abdominal pain,
diarrhoea, constipation, bloating and other functional gastrointestinal symptoms such as
nausea, fullness and heartburn [227]. IBS has also been shown to associate with conditions
such as fibromyalgia, chronic fatigue syndrome, GERD and psychiatric disorders [228-230],
which significant impact the quality of life and work productivity of the patient. In the meta-
analysis by Lovell et al., it has been highlighted that IBD has the highest prevalence in South
America, affecting approximately 21% of the population, the lowest prevalence can be found
in Southeast Asia, which only affects 7% of the population [231].

In Australia, the prevalence of IBS has been reported to be 3.5%, and some individuals with
IBD also experience IBS [232]. It has been shown that IBD is more common in women than
men in North America, with women more frequently experiencing abdominal pain and
constipation, while men report diarrhoea more often [233]. The exact cause of IBS is not well
established, however, abnormalities in gut motility, visceral sensitivity, brain-gut axis and
psychological factors are also linked to IBS pathogenesis [234]. Additionally, studies also
reported that gut immune activation, increased intestinal permeability and microbiome
dysbiosis are also implicated in the pathogenesis of IBS [235, 236]. Management strategies
for IBS include dietary modifications, antidepressants, pharmacotherapy and probiotics [237-
240]. Different to IBS, which is a functional disorder, another GIT disorder that possesses
similar clinical manifestations, IBD, is a chronic inflammatory condition that damages the
bowel and leading to ulcers and intestinal narrowing, which will be explored in greater details
below as well as in later chapters of this thesis.

1.2 Inflammatory bowel disease (IBD)

IBD is a chronic recurrent inflammatory condition that mainly affects the GIT [241]. The two
main clinical presentations of IBD include ulcerative colitis (UC) and Crohn’s disease (CD). A
less common clinical subtype, indeterminate colitis (IC), is diagnosed when clinical features
are ambiguous and unequivocal and cannot definitively point to a UC and CD diagnosis [242].
Nevertheless, IBD patients diagnosed with UC, CD or IC share similar disease symptoms,
including abdominal pain, diarrhoea, rectal bleeding and weight loss [243]. Patients typically
experience alternating phases of active disease (classified as mild, moderate, or severe) and
remission (a quiescent state) [244]. The current body of research described in this thesis
focuses on IBD, where recent advances in the field of this debilitating condition and attempts
in addressing current knowledge gaps in identifying new treatments will be discussed.

1.2.1 Ulcerative colitis

UC, first described in 1859 by Dr. Samuel Wilks in a 42-year-old woman with prolonged
diarrhoea and fever [245]. This clinical presentation of IBD represents a chronic condition
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characterised by acute mucosal inflammation that begins in the rectum and extends
proximally through the colon in a continuous pattern [246]. This contiguous colon
inflammation typically remains confined to the mucosal layer, causing superficial damage to
the GIT wall (Figure 1.12). Although the exact pathophysiology of UC remains elusive, it is
considered as an intestinal barrier disease, initiated by dysfunction in the epithelial cells or
structural elements of the intestinal barrier [247].

Inflammatory
oedema Haemorrhagic
ulcer
Hyperaemia

Figure 1.12. Macroscopic image of a human colon tissue from a patient with chronic
ulcerative colitis. The colonic mucosa appears irregular, with multiple transverse
mucosal defects. The ulcers vary in size, with many exhibiting signs of haemorrhage.
In some regions, they have merged to form larger, irregular lesions. The edges of the
specimen are eroded and the presence of inflammatory oedema and hyperaemia can
be seen at the surrounding mucosa. The image was obtained from The Ainsworth
Interactive Collection of Medical Pathology, Faculty of Medicine & Health, The
University of Sydney, specimen ID 354.599.5.

As described above, disruption of epithelium function allows colonic bacteria to cross the
barrier, resulting in macrophage activation, antigen presentation, which leads to chemokine
expression and subsequent recruitment of neutrophils to the affected colon tissue [246].
Secondary immune responses include monocytes maturing into macrophages that produce
cytokines such as TNF-a, IL-12, IL-23 and IL-6 [248, 249], which polarise Th1 cells. Additional
contribution to barrier dysfunction come from IL-36y, which inhibits Treg cells and induce Th9
cells polarisation [250]. It has also been shown that UC associates with a decreased gut
microbiota diversity and a reduced concentration of SCFAs [251], alongside a diminished
synthesis of colon mucin 2 [252], which further compromises the protective mucus layer and
exacerbates barrier breaches. Continued unregulated inflammation also drives the formation
of the inflammasome that signals a transition between acute and chronic responses [246].
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1.2.2 Crohn’s disease

Named after Dr. Burrill B. Crohn, CD is a chronic gastrointestinal disorder characterised by
patches of inflammation interspersed with normal-appearing mucosa that can occur
anywhere along the GIT [253]. Unlike UC, CD involves progressive, transmural lesions that can
lead to complications such as fibrosis, strictures and fistulas [254]. Inflammatory processes in
CD arise from epithelial barrier dysfunction, influenced by genetic factors such as
polymorphism in NOD2 and nuclear factor kappa B (NF-kB) signalling pathway [254, 255]. This
dysfunction allows luminal contents, including dietary components and gut microbiota to
penetrate the lamina propria, which induces the activation of inflammatory T-lymphocytes
including ThO, Th1, Th2 and Th17 cells by lamina propria residing dendritic cells [256]. The
differentiation of these T cells results in the production of inflammatory cytokine such as
interferon gamma (IFN-y), TNF-a, IL-4, IL-6, IL-21 and IL-22. Concurrently, intestinal
macrophage responds to luminal antigens and release IL-12 and IL-23 to activate natural killer
cells, which further perpetuates the inflammatory cascade [257].

In addition to excessive colon inflammation, 21-47% of CD patients also present with systemic
extraintestinal manifestations (EIMs) [258], which significantly impact the quality of life and
can lead to long-term outcomes including the increased risk of hospitalisation and surgery.
EIMs can involve various body systems, including the musculoskeletal system, the oral cavity,
the eyes, and hepatobiliary system [259]. Additionally, the risk of developing colorectal cancer
is increased in CD patients when compared to the general population [260]. Hence early
diagnosis and correct treatment of CD is essential to limit the progression to colon cancer.

1.2.3 Diagnosis of IBD

The diagnosis of IBD requires a multidisciplinary approach, with clinical evaluation supported
by endoscopic, histological and biochemical investigations, as no single gold-standard tool is
available. Endoscopy is a cornerstone in diagnosing IBD, with proctosigmoidoscopy is often
the initial examination [261]. However, this procedure is not sufficient for differentiating IBD
from infectious colitis. A full diagnostic colonoscopy is essential to define IBD clinical subtypes
(UC, CD or IC), with the intubation of the terminal ileum and systematic collection of biopsies
from each segment of the colon and ileum are performed [261].

In terms of diagnosis following colonoscopy, UC patients are characterised by uniform
continuous inflammation starting in the rectum and confined to the colon, whereas CD cases
can affect any part of the GIT with skip transmural inflammation [246, 254]. Histological
examination of biopsy samples plays a critical role in IBD diagnosis. In UC, inflamed mucosa
typically shows diffuse chronic neutrophilic infiltration restricted to the colon, accompanied
with mucus depletion, cryptitis, crypts abscesses and epithelial architectural distortion [262].

In contrast, CD histology reveals intact goblet cells with minimal mucosal layer disruption,
along with a mononuclear immune cell infiltration dominated by T cells and macrophages
[261]. CD patients also present with granulomas from their biopsy samples, which are
observed in 40-60% of surgical specimens and 15-36% in biopsy samples [263]. Biomarkers
are valuable adjuncts for IBD diagnosis, severity assessment and disease monitoring. The
biomarker C-reactive protein (CRP) is produced by the liver [264]. Serum CRP level ranges
from 5-200 mg/mL in IBD patients [265] and can be a useful marker for distinguishing active
IBD patients from remission cases [266]. Faecal calprotectin is a highly sensitive marker for
colonic inflammation and correlates more closely with disease activity in UC than CD [267].
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Additional faecal markers include lactoferrin, polymorphonuclear neutrophil elastase,
neopterin, and S100A12 can also be used to aid the diagnosis of IBD [268-271].

1.2.4 Prevalence& Incidence rate of IBD

The global burden of IBD has risen substantially in recent decades, with incidence rates
varying widely by region, ranging from 0.1 to 58 cases per 100,000 persons annually [272].
The highest incidence rate of IBD is reported in North America, northern and western regions
of Europe and in Oceania [254]. For instance, CD incidence ranges from 0 to 20.2 cases per
100,000 persons in North America and 0.3 to 12.7 per 100,000 persons in Europe [272]. The
prevalence of CD is also prominent in Western countries, with Germany reporting 322 cases
per 100,000 persons and Canada with 319 cases per 100,000, the top two IBD-bearing nations
in the world [272]. Owing to the influence of Western lifestyle of diets and industrialisation
[254], IBD incidence rates in developing regions of the world including Asia, Africa and South
America has risen significantly since the early 21st century. Among these jurisdictions, India
has the highest incidence rate of IBD of 9.31 cases per 100,000 persons and an UC incidence
rate of 5.41 cases per 100,000 persons [273].

Although overall prevalence remains lower than in Western countries, CD incidence has
grown more rapidly than UC in Asia. This is most notable in data from Taiwan, where CD
prevalence rose from 0.6 cases per 100,000 persons in 2001 to 3.9 cases per 100,000 in 2015
[274]. Paediatric IBD is increasingly recognised, with Scandinavia and Canada reporting the
highest rates in children under 16 years of age. The incidence of paediatric IBD is 10.6 cases
per 100,000 children in Norway [275], 12.8 in Sweden [276] and 9.68 in Canada [277]. Gender
differences are also evident, with CD being more prevalent in male during childhood but
shifting to a female predominance in adulthood. In contrast, UC incidence is similar between
sexes across all ages [278]. These trends underscore the rising global impact of IBD and
highlight the need for ongoing research to identify innovative treatments that improve
patient quality of life and relief burdens on the healthcare system.

1.2.5 Risk Factors of IBD

The exact cause of IBD remains unknown, but its development has been shown to associate
with the interplay of genetic predisposition, gut microbiota dysbiosis and environmental
influences. Whilst each factor contributes to disease risk, none of these documented factors
alone is sufficient to trigger IBD, instead, complex interactions among these various elements
are thought to drive the disease onset (Figure 1.13) and this may vary between individuals
due the many variables involved.
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Figure 1.13. Risk factors of IBD. It has been appreciated that the development of IBD
arises from the interplay of established risk factors, which includes genetic
predisposition such as familial history and risk loci, gut microbiota dysbiosis
(characterised by the depletion of Firmicutes and Bacteroidetes phyla) and increased
abundance of pathogenic bacterial and environmental influences such as smoking,
antibiotic use, diets and physical activities. Figure was generated in
https://BioRender.com with appropriate permissions.

1.2.5.1 Genetic predisposition

Genetic predisposition is a significant risk factor for IBD, with family history being a common
feature among patients. Approximately 2-14% of CD patients reported a family history of CD,
of which a smaller proportion of them have a family history of UC. Similarly, 8-14% of UC
patients report a family history of IBD [279]. The risk of developing IBD is higher for first-
degree relatives, with an estimated relative risk of 5% for non-Jewish CD patients and 8% for
Jewish CD patients. For CD, the corresponding risks are 1.6% for non-Jewish patients and 5.2%
for individuals with a Jewish background [280]. Notably, the likelihood of an individual to
develop IBD before the age of 30 is as high as one-third if both parents have established
disease [279].

Genetic studies have identified more than 160 distinct risk /oci of IBD [281], with about 30%
of IBD-related genetic loci are shared between the CD and UC and has a similar direction of
effects [282]. However, some loci, such as NOD2 and ATG16L1 are specially linked to the
development of CD [283, 284]. It has been shown that homozygous bearing of the NOD2 loci
increase the disease risk by approximately 20-fold, while heterozygosity confers a 2-6-fold
elevated risk [285]. Despite these findings, the known genetic risk loci can only account for
16% and 23.2% of the heritability of UC and CD respectively [286, 287]. This suggests that
environmental factors may play a significant contributing role in IBD pathogenesis, which will
be further discussed below.

1.2.5.2 Gut microbiota dysbiosis

Dysbiosis of gut microbiota in IBD is characterised by significant alterations in the composition
and diversity of intestinal bacteria. This dysbiosis in UC patients is characterised by reduced
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species bacterial diversity, where the depletion of Firmicutes and Bacteroidetes phyla has
been observed in surgical specimens [288]. In support of this finding, a twin study comparing
mucosal biopsy samples from the sigmoid colon showed increased abundance of
Actinobacteria and Proteobacteria and decreased Bacteroidetes compared to their healthy
twins [289]. Temporal instability of dominant taxa has also been reported in UC patients. A
year-long study of UC patients in remission found that only 23% of the dominant taxa
persisted, contrasting sharply with the 78% similarity index observed in healthy individuals
over the same period [290].

In CD patients, the dysbiosis pattern shares similarities with UC. Mucosal specimens from
active CD patients undergoing surgery showed markedly reduced microbiota diversity
compared to non-inflamed control specimens [291]. A microarray study that used 500 16S
rDNA probes demonstrated a decreased in abundance of several Firmicutes species in CD
patients [292]. Like UC patients, temporal instability of dominant species was also observed
in CD. Additionally, altered expression of certain bacteria species, specifically an
overexpression of aggressive disease-driving bacteria and a reduced expression of beneficial
bacteria has been reported in both UC and CD. For example, there is an increased presence
of gram-negative sulfate-reducing Desulfovibrio subspecies in UC patients [293], which may
contribute to UC pathogenesis through sulphide production. On the other hand, high levels
of Escherichia coli species have been consistently observed in mucosal and faecal samples of
CD patients [294, 295]. Faecalibacterium prausnitzii, a major representative of the Clostridium
leptum group that exert anti-inflammatory effects to the GIT is reduced in both active and
remission states of IBD (both UC and CD) patients [296, 297].

1.2.5.3 Environmental influences

Environmental factors play a significant role in development and progression of IBD, with
smoking being one of the most documented influences. Smoking doubles the risk of
developing CD [298], and is associated with a more aggressive disease course, greater
likelihood of requiring immunosuppressive therapies, high surgical rates and a high chance of
recurrence after ileocecal resection [299-301]. Conversely, smoking appears to have a
protective effect against UC, as current smokers experience a milder disease course, fewer
flare ups, and a reduced need for immunosuppressive treatments [302, 303]. However,
former smokers are at increased risk of developing UC [304], and disease flares are often
triggered within a year of smoking cessation [303]. Early-life exposure to smoke, including
passive smoking has been shown to have similar effects [305].

The use of antibiotics in early childhood also increases risk of IBD. It has been demonstrated
by IBD cohort studies, paediatric IBD patients that were exposed to antibiotics in their first
year of life have a stronger association for CD than UC [306], and a higher risk for those who
used antibiotics in their first year of life compared to the ones who were exposed to later use
[307], suggesting that early perturbation of the gut microbiota may disrupt immune
development and increase susceptibility to IBD. Dietary factors also influence IBD risk. High
dietary fibre intake, especially from fruits and vegetables, has been associated with a 40%
reduction in CD risk [308]. This protective effect is thought to be mediated by enhanced
production of SCFAs by intestinal bacteria, which help maintain epithelial barrier integrity and
suppress pro-inflammatory mediator productions [309]. Whilst dietary fat has been linked to
IBD pathogenesis in mouse model of IBD [310], human prospective cohort study has not
confirmed this association [311]. Physical activity is another environmental factor that
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influence IBD development. Sedentary lifestyles, linked to office or light manual work, are
associated with a higher risk of IBD, while heavy manual labour appears to be protective [312].
In mice, voluntary exercise has been shown to alleviate colitis symptoms, while forced
exercise can worsen inflammation likely due to increased physical and psychological stress
[313]. In support of these findings, prospective cohort studies have shown that voluntary
rigorous physical activity can reduce CD risk by 44% [314].

1.3 Immune dysregulation & Redox imbalance in IBD

This section further explores the pathophysiology of UC and CD, with a particular focus on
immune dysregulation and redox imbalance. The potential therapeutic approach on targeting
these immune dysregulations and on restoring redox equilibrium will also be discussed.

1.3.1 Neutrophils in IBD pathogenesis

Excessive neutrophil recruitment to the intestinal mucosa accompanied with disrupted
intestinal epithelial barrier and altered crypts architecture is a hallmark of IBD [315]. The
transepithelial migration of neutrophils induced by cytokines IL-8 and IL-33 [316, 317], and
chemokines CXCL5, CXCL7, CXCL10 and CCL20 [318-321], whilst several IBD susceptible genes
such as lymphocyte-specific protein 1 and hepatocyte growth factor active have been shown
to promote neutrophil infiltration [322]. At the site of inflammation, neutrophil-derived
proteases, including matrix metalloproteinase (MMP) and NE, degrade epithelial tight
junctions [323-326], which deforms crypts and promote abscess formation. Additionally,
neutrophil produce proinflammatory cytokines such as TNF and IL-1B [327, 328], which
further recruit other immune cells such as macrophages, dendritic cells and T-lymphocytes to
the site of inflammation [315, 329], which amplifies the inflammatory response. It has also
been shown that a-defensins and calprotectin released by activated neutrophils recruits
additional neutrophils to the inflamed sites [329, 330], creating a self-perpetuating cycle of
inflammation, which further enhances the magnitude of immune response. Accumulated
NETs have also been observed in colon tissue and blood of both UC and CD patients [330-
334], which not only intensify immune responses, but also increase the risk of venous
thromboembolism during active IBD [333] (See Figure 1.14 for potential contribution of NETs
in IBD and the effect of inhibiting NETs in animal models of IBD will be further explored in
Chapter 3 of this thesis).
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Figure 1.14. The potential contributions of NETs in IBD. Under physiological conditions,
NETs act as a host defence system and maintain gut homeostasis. However, elevated
level of NETs has been reported in gut mucosa of UC and CD patients. This is
accompanied with higher tendency of NETs formation from neutrophils and the
impaired degradation of these extracellular structures in IBD patients. It has been
postulated that NETs are implicated in gut epithelium barrier functions and activate
gut immune cells during the pathogenesis of IBD. Figure was adapted from [335]
generated in https://BioRender.com with appropriate permissions.

Neutrophil dysregulation has been proposed to contribute differently to UC and CD [336]. In
UC, neutrophil overactivation is central to disease pathogenesis, with increased neutrophil to
lymphocyte ratios [337], elevated levels of neutrophil-derived proteases like NE and MMP-9
[338, 339] and elevated neutrophil infiltration in patients with therapeutic resistance to
corticosteroids and cyclosporine A [340, 341], when compared to UC patients that are
sensitive to these treatments have been reported. In CD, however, neutrophil dysfunction is
thought to be a key factor, where an impaired recruitment [342], and reduced oxidative
activity has been observed [343]. Additionally, delayed neutrophil-mediated bacterial
clearance in CD results in persistent antigen presentation in the gut, which leads to the
upregulation of adaptive immune responses and the formation of granuloma [344].
Therefore, therapeutic strategies aiming to reduce overaction of neutrophils while preserving
their critical immune functions should be explored. Indeed, attempts in targeting neutrophils
and neutrophil-derived contents has yielded various degree of success in animal models of
experimental colitis, which will be discussed in detail in later sections.

1.3.2 Mast Cells in IBD pathogenesis

Mast cells are known for their involvement in IgE-mediated type | hypersensitivity [345],
however, these cells are also capable of non-IgE driven autoimmune conditions and their role
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in UC and CD has gained growing recognition [346]. Preclinical studies on animal models of
experimental colitis strongly support the involvement of mast cells in IBD. For example, mast
cell deficient Kit¥s"wsh mutant mice has been shown to be protective against intestinal
inflammation whilst reconstitution of wildtype mast cells restores their susceptibility to
develop experimental colitis [347]. Additionally, the study by Kurashima et al. demonstrated
that inhibition of ATP receptor P2X7 reduced mast cell activation and simultaneously
alleviated subsequent intestinal inflammation, highlighting the potential role of mast cells in
IBD pathogenesis [347]. In further support of this notion, increased expression of P2X7 has
been observed in the colonic mast cells of patients with active CD [348]. The accumulation of
mast cells has also been reported in active CD patients, where increased number of mast cells
has been observed in regions of mucosa, submucosa, muscularis propria and the surround fat
tissues [349, 350]. This is accompanied by the elevated level of mast cell mediators in the
colon mucosa [351, 352] and higher presence of N-methylhistamine, a metabolite of mast
cell-secreted histamine [353], in the urine of the IBD patients, which further reinforces the
potential pathogenic role of mast cells in IBD. Increased density of mast cells has also been
reported in the colon of UC patients [354].

As mentioned above, stress is another factor linking the involvement of mast cells to IBD. A
year-long population-based study involving 704 IBD patients have identified that perceived
stress, negative mood and major life events are triggers for symptomatic IBD flare ups [355].
One possible mechanism potentially involves the activation of colonic mast cells. It has been
shown that chronic psychological stress activates mast cells via substance P and eosinophil-
secreted corticotrophin release hormones, which subsequently lead to barrier dysfunction
[356]. Nevertheless, further investigation is warranted to confirm the pathogenic
involvement of mast cells in human IBD.

1.3.3 Macrophages in IBD pathogenesis

In active IBD, macrophages accumulate in large numbers at the inflamed sites, producing vast
amounts of pro-inflammatory cytokines such as TNF-q, IL-1B, IL-6 and IL-23 [357-360], which
contribute to persistent inflammation and immune dysregulation characteristic of IBD. This is
accompanied with the aggressive response of activated macrophages to commensal bacteria
such as Escherichia coli and Enterococcus faecalis [359], which further exacerbate
inflammation in the gut. One hallmark feature of CD is the formation of granulomas, which
consist of aggregated macrophages and other inflammatory cells [361], highlighting the
central role of macrophage in the disease progression of IBD. In support of the involvement
of macrophages in IBD pathogenesis, genetic studies have identified several IBD susceptibility
loci associated with monocytes and macrophage function [362-364], indicating that genetic
alterations in these loci may result in dysfunctional macrophage activities and increased risk
of IBD development.

Among these, mutations in NOD2 represent one of the strongest inheritable risk factors for
IBD [365]. Loss-of-function mutation in NOD2 impairs macrophage function, leading to
defective bacterial detection and clearance in the gut. This defect triggers constitutive
activation of the inflammasomes and NF-kB signalling pathways [366], contributing to chronic
inflammation. Moreover, NOD2 mutations have been linked to pathogenic activation of
macrophages and fibroblasts in the peripheral blood of CD patients [362]. Deficiencies in
other CD-risk genes, such as ATG16L1 and IRGM further highlight the role of impaired
autophagy in macrophage dysfunction [364].
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Furthermore, it has been demonstrated that macrophages with these genetic deficiencies
exhibit defects in sensing intracellular microbial products and lysosome-mediated clearance
[364], which results in exacerbated inflammation and tissue damage manifested in CD. Clinical
evidence supports the correlation between aberrant macrophage activities and IBD disease
severity, where IBD patients achieved clinical remission has been shown to correlate with a
reduced pro-inflammatory macrophage activity [367, 368], suggesting that therapeutic
strategies targeting macrophage dysregulation may be beneficial for IBD patients. However,
a recent randomised, double-blind clinical trial on selective granulocyte and monocyte
apheresis in 235 moderately or severely active CD and 215 UC patients with similar disease
severities demonstrated no significant clinical benefits [369, 370].

1.3.4 T-Cells in IBD pathogenesis

Endogenous T-cells play a central role in mediating mucosal damage observed in IBD,
including both UC and CD. Whilst there is no marked difference CD8* T-suppressor and CD4*
Th cells population in the lamina propria and epithelium of IBD patients [371], an aggravated
activation of these lymphocytes has been observed [372]. Activated T-cells release the pro-
inflammatory cytokine IL-2 [373], which promotes the survival and proliferation of themselves
through autocrine signalling via IL-2 receptors (CD25) [374]. In IBD, CD25* cells constitute
more than 50% of the lamina propria mononuclear cells, with most being T-lymphocytes in
the case of CD, and macrophages in UC [375].

Notably, CD4* T-cells that highly express the NKG2D receptors are a distinct subset of CD4* T-
cells common in CD [376]. These cells exhibit cytotoxic activity and produce pro-inflammatory
cytokines such as TNF-a, IFN- y and IL-17A [376, 377], which leads to sustained mucosal
inflammation. Additionally, Th1l cells induced by IL-12 and IL-18 from intestinal macrophages
has also been shown to sustain mucosal inflammation in CD [378, 379]. Conversely, Th2 cells
characterised by IL-13 secretion has been linked to impairing intestinal barrier function
through epithelial apoptosis, tight junction disruption and reduced restitution velocity in UC
[380]. It has also been shown that Th2 involved in UC development through the secretion of
IL-5 [381], whilst IL-23 in the lamina propria drives the development of UC via IL-17 production
[382].

In contrast, Tregs are implicated in IBD pathogenesis due to their dysfunctional suppressive
function. In IBD patients, the number of peripheral Tregs has been shown to be reduced,
whilst this is associated with an elevation of peripheral Thl7 population [383]. In animal
models of IBD, defective Treg function has been found to be associated with upregulation of
T-cell specific T-box transcription factor (T-bet), phosphorylation of signal transducer and
activator of transcription (STAT)-1 and activation of NF-kB, which contributes to intestinal
inflammation and lesion development [384]. Attempts to target T-cells to dampen IBD-
mediated intestinal inflammation as a novel treatment strategy have been reported in both
experimental IBD models as well as in human trials.

1.3.5 Oxidative stress and redox imbalance in IBD pathogenesis

Chronically active inflammation in IBD is closely linked to the generation and release of ROS
by immune cells [385]. Elevated oxidative stress is evidenced by increased biomarkers of lipid
peroxidation and oxidative DNA. For instance, several studies have shown significantly higher
levels of malondialdehyde (MDA) are present in the inflamed mucosa and blood of both UC
and CD patients [386, 387], whilst a marked increase of 8-hydroxy-2’deoxyguanosine (8-
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OHdG), a marker of oxidative DNA modification has been reported in isolated leukocytes from
the blood of CD patients [388]. Furthermore, in patients diagnosed with UC, the study by
Canbakan et al. has shown that severe inflammation correlates with higher MDA and MPO
levels in intestinal tissues compared to controls or patients with moderate disease severity
[389].

While it is clear that ROS function as essential signalling molecules in immunological
processes, their continuous and unregulated formation during phases of active inflammation
to the intestinal mucosa causes significant collateral damage [390]. This contributes to
extensive cellular and molecular injuries, which perpetuates inflammation and exacerbates
tissue damage/destruction. It has been shown that the presence of ROS activates redox-
sensitive transcription factors like NF-kB, driving the expression of downstream inflammatory
molecules, including components of the inflammasome pathway (Ref [391] and discussed
below), which further amplifies intestinal inflammation.

In addition to increased oxidative stress, IBD patients also typically exhibit reduced
antioxidant capacity. Studies utilising blood analyses have documented significantly
decreased levels of the antioxidant enzyme glutathione peroxidase and its substrate reduced-
glutathione in IBD patients [392, 393], reflecting a diminished capacity to neutralise ROS
through thiol-dependent mechanisms. Supporting a role for anti-oxidation in IBD, the gut
metabolic response to inflammation is critically regulated by master transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2) and its inhibitor Kelch-like ECH-associated
protein 1 (Keapl) [394]. Thus, it has been shown that activation of the Nrf2/Keap1 signalling
pathways in animal models of experimental colitis increases antioxidant capacity through the
production of down-stream antioxidant response elements, reduced intestinal inflammation
and improvements in barrier function via maintenance of intestinal mucosa and epithelial
integrity [395-397]. Together these outcomes highlight the potential for a dual role of Nrf2
in mitigating oxidative damage and suppressing inflammation in IBD. Interestingly, conflicting
evidence of Nrf2 levels in IBD patients has been reported by published literature. For example,
the study by Meyers et al., a significantly lower level of Nrf2 has been observed in the blood
of UC patients [398], whilst the study by Sabzevary-Ghahfarokhi et al. reported an increase of
Nrf2 protein level in the inflamed colonic biopsy samples of UC patients [399]. These
conflicting views highlight the need of further research to understand the role of this master
‘antioxidant transcription regulator’ in the pathogenesis of IBD.

Restoring redox balance by reducing oxidative stress and enhancing antioxidant capacity is a
possible therapeutic strategy to alleviate IBD symptoms. Accordingly, nutraceuticals and
natural products with robust antioxidant properties have shown promising effects in
experimental models of IBD (discussed further below). These findings underscore the
potential therapeutic value of targeting oxidative stress and redox imbalance in managing
IBD, offering hope for improved outcomes in affected patients.

1.3.6 The inflammasome and IBD pathogenesis

The inflammasome is a biological conjugate formed from multiprotein complexes within the
innate immune system that are responsible for the detection of harmful agents through
pattern recognition receptors [400, 401]. Several inflammasome subtypes have been
characterised including nucleotide-binding domain and leucine-rich repeat receptors (NLR)
pyrin domain-contacting family (NLRP) [402-404], NLR family caspase recruitment domain-
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containing protein-4 (NLRC4) [405] and double-stranded DNA sensors absent in melanoma-2
(AIM2) [406]. Their involvement in IBD pathogenesis has been extensively investigated in
animal models of experimental colitis. Gut inflammasomes elicit protective effects against the
development of IBD, where mice with deficiencies in specific inflammasomal components
such as NLRC4, NLRPs, ASC, IL-1B and caspase-1 have all been shown to experience
exacerbated colitis with more pronounced clinical symptoms reported [407-409]. Specifically,
deficiency in NLRP3 expressions leads to lower levels of anti-inflammatory cytokine IL-10 and
TGF-B [410], impaired neutrophil migration [411], and heightened intestinal inflammation
[409], highlighting the essential role of NLRP3 in eliciting appropriate immune response.

Additionally, the NLRP6 inflammasome pathways could also play a role in IBD pathogenesis,
where NIrp67- mice exhibit crypt hyperplasia, enlarged Peyer’s patches, reduced IL-18
production and alterations in gut microbiota [412], which impairs intestinal barrier function
and facilitates intestinal inflammation. Additionally, these inflammasome component
deficiencies have also reported to increase susceptibility to infections like Citrobacter
rodentium and Clostridium difficile [413, 414], which together promote the colonisation of
pathogenic bacteria such as Akkermanisa muciniphila [415]; the latter is indirectly linked to
the promotion IBD pathogenesis in animal models.

Human studies corroborate these findings, revealing elevated NLRP3 activation in peripheral
blood mononuclear cells from patients with CD [416], whilst upregulated expression of
NLRP3, IL-1B and caspase-1 have also been identified in the colonic biopsy samples of patients
diagnosed with UC and CD [417]. In direct support of the notion that inflammasome is
involved in the pathogenesis of IBD, NLRP6 expression has found to be significantly increased
in the ileal and colon samples of CD patients [418]. Moreover, enriched NLRC4 has been
identified in patients with UC [419]. However, whether elevated inflammasome signalling
pathways observed in IBD is responsible for driving disease pathogenesis or acting as a
protective mechanism against intestinal inflammation is currently debated and warrants
further investigations. Nonetheless, attempts to inhibit upstream and downstream signalling
molecules and components of inflammasome pathways, including NRLP3 and its associated
cytokines have shown promising results (discussed further below), highlight their potential as
therapeutic targets for novel IBD interventions.

1.3.7 Role for SCFAs in IBD pathogenesis

As indicated above, SCFA, primarily acetate, propionate and butyrate are produced by the gut
microbiota, with the phyla Firmicutes mainly responsible for the synthesis of butyrate and the
phyla Bacteroidetes being the main producers of acetate and propionate [309]. SCFA serves
as the primary energy source for colonic enterocytes through ATP production, while a small
proportion that remains unabsorbed performs anti-inflammatory and immunomodulatory
actions in the gut [420]. Since gut microbiota dysbiosis is an established risk factor for the
development of IBD (discussed above), altered SCFA production may play a role in the
pathogenesis and progression of the disease.

Altered SCFA levels in IBD patients have been reported as early as 1982, with Roediger et al.
finding elevated faecal butyrate levels in active UC patients [421]. Similarly, van Nuenen et al.
observed an increase in total SCFA (acetate, propionate and butyrate) levels in UC and CD
patients [422], suggesting an impairment in SCFA utilisation in the IBD gut. However, these
findings contrast with more recent studies. For example, Takaishi et al. reported significant
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reductions in propionate and butyrate in stool from patients diagnosed with UC and CD [423].
Likewise, the study by Machiels et al. demonstrated a reduced level of acetate, propionate
and butyrate in IBD patients [251]. The discrepancies observed in these studies are likely
influenced by IBD subtypes (UC versus. CD) as well as the presence of flares and the extent of
colonoscopy activities as a measure of disease-stage severity. In a recent meta-analysis of
SCFA levels in patients with IBD, Zhuang et al. highlighted that UC patients are characterised
by a decrease in acetate, valerate and total SCFA levels, whilst CD patients have a more
prominent reduction in acetate, butyrate and valerate concentrations when compared to the
healthy controls [424]. However, these cumulative studies commonly show outcomes linked
to groups of subjects designated with UC or CD or as a combined cohort with IBD, and the
SCFA biomarkers are not stratified as a function of disease-stage severity.

Therefore, investigations on the levels of SCFA on a spectrum of IBD disease severities as well
as identifying difference(s) in individual SCFA between UC and CD are warranted. To address
this knowledge gap, Chapter 4 of the current thesis examined the level of SCFA acetate,
propionate and butyrate on a spectrum of IBD disease severities as judged by colonoscopy
activity index.

In the gut, SCFA, particularly butyrate regulates intestinal epithelial integrity and exerts anti-
inflammatory effects through a plethora of cellular processes. Supplemented butyrate has
been shown to increase transepithelial resistance in vitro [119], decrease gut permeability
through the stabilisation of HIF [94], and suppress the activation of NF-kB via GPR109A
signalling [425], highlighting the anti-inflammatory and barrier function protective roles of
this SCFA. Thus, administration of SCFAs could efficiently dampen the extent of inflammation
in IBD, presenting itself as a promising novel therapeutic target. Accordingly, successful
attempts of SCFA supplementation on animal models of experimental colitis and on IBD
patients have been reported and will be discussed in greater detail in this thesis chapter 4.

1.4 Currently available IBD treatment

1.4.1 Aminosalicylates

Aminosalicylates, including sulfasalazine (SASP) and other 5-aminosalicylic acid (5-ASA)
preparations such as mesalamine and olsalazine are currently primary treatment options for
IBD and have been for over 80 years [426]. The pro-drug SASP comprises 5-ASA linked to
sulfapyridine via a labile diazo bond that prevents early absorption of the drug by the stomach
and the small intestine, allowing bacteria-derived azoreductase to release the active 5-ASA in
the colon (locally) [427], which provides the therapeutic effect, whilst the sulfapyridine
component serves primarily as a carrier. The exact mechanism of actions for SASP and 5-ASAs
are currently unknown [428]. However, it has been shown that these drugs interfere with
arachidonic acid metabolism by cyclo-oxygenase enzymes [429], which prevents the
formation of biologically active prostaglandin and leukotrienes mediators [430], scavenges
ROS from the site of inflammation [431], and suppresses the production of pro-inflammatory
cytokines such as TNF-a and IL-1B [432, 433]. Additionally, 5-ASA has been reported to
promote Treg-induction in the colon via the aryl hydrocarbon receptor pathway, leading to
TGF-B activation and down-regulation of the inflammatory state in colon tissue [434].

The clinical efficacy of 5-ASA has been reported in mild-to-moderate UC patients, with a
primary response rate of 60-80% of compliant patients [435]. This is supported by findings
from Eaden et al., where long term 5-ASA maintenance therapy was found to reduce
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colorectal cancer risk by 75% in UC patients [436]. On the contrary, the therapeutic efficacy
of 5-ASA in CD patients remains debated. It has been shown that more than 1 year of 5-ASA
therapy reduced hospitalisation and surgery rates in patients diagnosed with CD [437], and 5-
ASA is effective in maintaining CD remission after surgery [438]. However, a Cochrane
systematic review by Akobeng et al. identified that oral 5-ASA drugs present no significant
advantage in preventing relapse in patients with CD suggesting that the benefits are limited
and do not represent a suitable long-term management strategy for these patients [439].

Although nephrotoxicity can occur in some patients after one year of 5-ASA treatment [440],
the off-target effects of 5-ASA are typically mild, including nausea, abdominal pain, diarrhoea
and headache [441]. On the other hand, in addition to the gastrointestinal discomforts
identified with 5-ASA administration, SASP also possesses more severe side effects such as
promoting male infertility, haemolytic anaemia and hepatotoxicity [442]. Therefore, the
challenge for clinicians is to develop strategies for individuals that maintain the therapeutic
benefits of 5-ASAs while minimising the side-effects of SASP. To assist in this goal several
second-generation aminosalicylates have been developed primarily targeting the
replacement of linked sulfapyridine with an inert compound, or an addition of pH-sensitive
coating to adjust release rates of the active component [427].

1.4.2 Corticosteroids

Corticosteroids have played a significant role in the treatment of IBD since their clinical
effectiveness was first recognised in the 1950s [443]. Commonly used corticosteroids,
including hydrocortisone, prednisone, methylprednisolone, dexamethasone and budesonide,
are primarily administered orally or intravenously to IBD patients [444]. Their anti-
inflammatory effects are mediated through specific corticosteroid receptors, where
corticosteroids bind to their responsive-elements in the nucleus, leading to the suppression
of pro-inflammatory transcription factor such as NF-kB and activator protein 1 [445, 446]. It
has been well appreciated that corticosteroids modulate inflammatory responses through the
inhibition of vasodilation, leukocyte infiltration, cytokine release, fibroblast activation and
vascular proliferation thereby providing a multi-faceted mechanism of action [444].

Oral corticosteroids are effective in inducing remission during flare-ups, particularly in
patients who do not respond to mesalamine within 2-4 weeks, and in those with mild-to-
moderate CD [447]. The clinical efficacy of orally administered corticosteroids in UC has been
recently highlighted by a meta-analysis by Ford et al., in which their superiority over placebo
was confirmed in inducing remission amongst IBD patients [448]. Similarly, an overall
response rate of 67% was achieved when administering corticosteroids in severe acute colitis
[449]. Despite their remarkable clinical efficacy, short-term complications have been reported
by nearly 50% of drug-compliant patients receiving corticosteroid therapies [448]. These
adverse effects include insomnia, acne, increased appetite, weight gain, hypertension,
hyperglycaemia and mood disturbance [448, 450]. Prolonged use of corticosteroids has also
been shown to associated with increased risk of venous thromboembolism, bone fractures
and opportunistic infections [451], once again indicating the limitations of these current
therapeutic options for patients with IBD.

To improve safety and tolerability, second-generation corticosteroid therapy such as
budesonide MMX has been introduced as a management option for UC. Budesonide MMX
uses a multi-matrix system that enables targeted colonic drug release [452], which minimises
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systemic absorption of the drug and reduces adverse side effects. This has been
demonstrated in a pooled analysis of over 900 UC patients [453], where budesonide MMX did
not impair adrenocorticoid function nor increase the risk of corticosteroid-associated adverse
effects. It has also been shown that 9 mg/day of budesonide MMX significantly improves
clinical and endoscopic remission rates while promoting histological healing of the colon in
over 500 mild-to-moderate UC patients [454], suggesting that budesonide MMX is well
tolerated in UC patients and offers enhanced performance over other conventional
corticosteroid preparations.

Whilst it has been well established that corticosteroids can effectively induce remission
during flare-ups, numerous studies have demonstrated that corticosteroids offer no
significant reduction in relapse rates for UC and CD when used beyond three months [455-
457], which again limits the overall therapeutic benefit and questions the longer-term use of
this therapeutic approach.

1.4.3 Immunomodulators

Immunomodulators for IBD include thiopurines, methotrexate and calcineurin inhibitors offer
option for long-term control of intestinal inflammation, with all of which exert
immunosuppressive effects on T-lymphocytes. Thiopurine-based treatments, including
azathioprine, 6-mercaptopurine and 6-thioguanine are commonly used in IBD treatment
[458]. They work by inhibiting T-lymphocyte proliferation and activation through interference
with DNA synthesis and binding to Racl [459], thereby blocking Racl activation in T-cells,
which leads to the diminution of T-cell survival and function. Azathioprine has demonstrated
similar therapeutic effects in both UC and CD, which significantly reduces hospitalisation and
surgery rates amongst IBD patients [460, 461]. The clinical effectiveness of thiopurine
treatments was further supported by the meta-analysis conducted by Yamada et al., where a
7-year remission maintenance rate of 43.9% and a colectomy-free survival rate of 88% has
been observed in UC patients following treatment with immunomodulators [462]. However,
it should be noted that thiopurines were associated with several adverse side-effects,
including bone marrow suppression and liver injury amongst the cohort studied [463, 464].
Furthermore, compliance is a major issue with his form of treatment as it has been shown
that up to 39% of IBD patients discontinue thiopurine therapies within the first three months
of treatment due to the severity of their adverse reactions [460].

Another available IBD immunomodulator is methotrexate, a folate antagonist that inhibits
DNA synthesis and downregulates inflammatory cytokines production at low dose [465-467].
By suppressing T-lymphocytes proliferation and inducing activated T-cell apoptosis [468-470],
methotrexate is particularly effective in treating CD, where 72% of active CD patients achieve
clinical remission three months after methotrexate treatment [471]. However, its efficacy in
UC has not been well established and as a result prescription of methotrexate among this
cohort is not common [472]. Like other immune-modulators there are some severe side-
effects of methotrexate, including peritoneal abscess, hypoalbuminemia and atypical
pneumonia [472], which again limits its long-term use in some patients.

Calcineurin inhibitors include Cyclosporine and Tacrolimus have been used as
pharmacological interventions for IBD. These drugs target the nuclear factor of activated T-
cells (NFAT) [473], which prevents its translocation to the nucleus and thereby regulates the
transcription of inflammatory cytokines such as TNF-a and IL-2 [473, 474]. The clinical trial
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conducted by Lichtiger et al. have demonstrated that more than 80% of patients with severe
acuate refractory UC respond to Cyclosporine A [475]. However, the study by Stange et al.
showed that long-term treatment with Cyclosporine A combined with low-dose
corticosteroids did not provide additional beneficial effects over corticosteroids treatments
alone in active CD patients [476]. In addition to the immunosuppressive effect on T cells,
Tacrolimus has also been shown to inhibit macrophage activation as well as promote the
apoptotic process of these monocytes [477]. Accordingly, Tacrolimus has been found to be
10-20-fold more potent in vivo and 30-100-fold in vitro [426, 478]. This is also reflected in
clinical outcomes where 68.4% of refractory UC patients showed significant improvement in
disease biomarkers two-weeks after oral Tacrolimus treatment, compared to only 10% in the
corresponding the control group [479]. Despite its efficacy, Tacrolimus-treated patients often
experience adverse effects, including tremors, renal dysfunctions, hyperkalaemia and
headaches [480].

1.4.4 Biologic agents

Biologic agents have revolutionised the treatment of IBD, particularly for patients with
moderate-to-severe disease index who do not respond well to conventional therapies such
as corticosteroids and immunomodulators [426]. Amongst these, anti-TNF agents are the
most widely used, given the central role of this inflammatory molecule in driving intestinal
inflammation and mediating tissue damage in IBD (discussed above — refer to Section 1.3
Immune dysregulation & Redox imbalance in IBD). Infliximab, the first commercially available
anti-TNF agent approved for IBD treatment, is a genetically engineered 1gG1 monoclonal
antibody composed of 75% human and 25% murine proteins [481]. Infliximab provides rapid
symptom relief and is particularly valuable as a rescue therapy for severe acute UC [482],
where its efficacy can be shown within 2 weeks post treatment [483]. Additionally, it has been
demonstrated that colonic fistula closure can occur within 3 months in CD patients who
received Infliximab [483]. A randomised controlled trial on Infliximab in moderate-to-severe
UC patients reported a 7% reduction in colectomy rates after 54 weeks, alongside a decrease
in UC-related hospitalisation and surgery [484], highlighting the therapeutic efficacy of this
agent. Similar findings were reported by Present et al., where intravenous administration of
Infliximab at 5 mg/kg led to a 79% positive clinical response rate in CD patients, with a 55% of
patients simultaneously reporting a complete fistula healing rate [483].

Adalimumab and Golimumab are fully humanised anti-TNF monoclonal antibodies designed
for subcutaneous administration [485, 486]. Adalimumab is approved for both UC and CD,
whilst Golimumab can be used on moderate-to-severe UC patients that repeatedly show
unresponsive to conventional therapies [482]. Although anti-TNF therapies provide effective
relief for IBD symptoms, up to 40% of patients do not respond initially, with an additional 23-
46% of patients experiencing secondary loss of response to the drug within a year [487]. Long-
term remission can be maintained through dosage adjustment, increased infusion frequency,
or combining anti-TNF agents with conventional therapies once the degree of colonic
inflammation is controlled [488]. Furthermore, anti-TNF agents also present with several
adverse reactions due to systemic cytokine blockage. These include infusion reactions, blood
disorders such as neutropenia, opportunistic infections, autoimmune disorders such as anti-
TNF-induced lupus, complication to the heart and the nervous system [489-494], as well as
an increased risk of nonmelanoma skin cancer [495]. Other biologic options for IBD treatment
include anti-1L-12/23 and anti-integrin therapies [496-498].
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1.4.5 Surgery and other interventions

Over the last decade, the number of hospitalised IBD patients has increased, however,
surgical rates for both UC and CD cases have slightly declined. Nevertheless, surgical
intervention remains a crucial treatment option for IBD [499]. Surgery is primarily indicated
in UC patients with life-threatening complications such as excessive colonic bleeding,
intestinal perforation, or suspected carcinogenesis [500]. In cases where patients with severe
UC or toxic megacolon failed to respond to medical therapy, surgical intervention is also
recommended. Additionally, patients experiencing poor treatment response or severe
adverse drug reactions, which results in substantially impacted quality of life may also be
considered as candidates for surgery.

In CD, surgery is typically reserved for patients with localised ileocecal disease who have
recurring flares or failed medical therapies, or those who preferred surgery over long-term
continuous drug treatments [500]. Postoperative recurrence is a major concern in CD, where
a study by Rutgeerts et al. showed the symptomatic recurrence occurs in 20% and 34% of
patients 1- and 3- years after ileo-colectomy respectively, with the number even higher for
endoscopically verified recurrence rates at 73% and 85% for 1- and 3-years post-operation,
respectively [501].

Overall, it is now clear that the available treatment options described in this section are not
all-encompassing, and beyond the scope of the current thesis. Other intervention options
relevant for IBD treatment have been summarised elsewhere (See comprehensive reviews by
Cai et al. Ref [426] and Sokic-Multinovic and Milosavljevic Ref [482]). However, it is
noteworthy that there is currently no cure for IBD, where all of the available treatments
typically aim to dampen intestinal inflammation and relieve symptoms. Thus, research into
novel therapeutic targets and alternative medicine is highly essential for the disease, which is
also a main goal of the current thesis.

1.5 Patient outcomes

As indicated, there is no cure for IBD, and available treatments focuses on managing
symptoms to achieve and maintain remission rather than eradicating the disease. Patients
with UC often experience debilitating digestive symptoms with over 30% also developing EIMs
[246], significantly impacting their psychological, social, familial and professional well-beings.
Similarly, disabling digestive symptoms of abdominal pain, diarrhoea, rectal bleeding and
weight loss can also be seen in CD patients [254], with about 43% also reporting EIMs [259].
Unregulated IBD can lead to severe complications, including colorectal cancer and toxic
megacolon. It has been shown that IBD patients are 2-6 times more likely to develop
colorectal cancer [211], a life-threatening malignancy with poor patient prognosis (as
discussed in earlier sections).

On the other hand, toxic megacolon is characterised by excessive colonic distension and
systemic toxicity [502], with a potentially fatal outcome. The incidence of toxic megacolon in
IBD patients is estimated to be 1-6.3% [503], with study reporting its presence in 10% of UC
hospital admissions and 2.3% of CD admissions [504]. The symptoms of toxic megacolon
include abdominal distension, constipation, fever, tachycardia and hypotension [502, 505],
with a potentially fatal outcome. The incidence of toxic megacolon in IBD patients is estimated
to be 1-6.3% [503], with study reporting its presence in 10% of UC hospital admissions and
2.3% of CD admissions [504]. The symptoms of toxic megacolon include abdominal distension,
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constipation, fever, tachycardia and hypotension [502, 505]. However, IBD-associated
gastrointestinal symptoms may also present during the onset of the disease [502]. Treatment
of mega toxic colons requires a combination of medical and surgical interventions, with
immunomodulatory drugs and antibiotics being the first-line therapy [506]. Severe cases of
mega toxic colon may necessitate surgical resection of the colon, with some patients requiring
an external colostomy [506]. As a result, there is an urgent need for the development of novel
treatments for IBD patients, allowing better management of the gastrointestinal symptoms
and EIMs and minimising the development of serious complications such as toxic megacolon
and colorectal cancer.

1.6 Animal models of IBD

Animal models, particularly mouse models, have become increasingly invaluable tools for
investigating the pathogenesis of IBD [507]. The following section highlights the common
animal models of UC and CD and discuss how these experimental colitis models provide
crucial insights into the underlying pathophysiology of IBD and serve as effective platforms
for evaluating the therapeutic potential of novel treatments.

1.6.1 Animal models of UC

Animal models of UC are widely used to study the disease pathophysiology and test potential
treatment approaches. UC-like phenotypes can be induced in animals using chemical agents,
bacterial infections or genetic modifications. Chemically induced UC-like colitis is commonly
performed on mice but has also been tested in other species such as drosophila, zebrafish,
rats and pigs [508]. Dextran sodium sulfate (DSS) is a commonly used chemical agent that
causes epithelial injury, exposing the lamina propria and submucosal compartments to
luminal agents and bacteria, which triggers inflammation [509]. DSS-induced colitis is
characterised by colonic crypt disruption and excessive immune infiltrations primarily
concentrating in the colon mucosa and sub-mucosa [510].

Other chemical methods include intrarectal administration of oxazolone with ethanol, which
induces a Th2-mediated immune responses, or diluted acetic acid, which mimics UC with
transient ulceration and crypt abnormalities [511]. Alternatively, UC-like colitis can be
induced via bacterial infections using gram-negative bacteria Salmonella typhimurium or
commensal adherent-invasive Escherichia coli strains isolated from Crohn’s disease patients
[508]. Transgenic (Tg) and gene knockout (KO) models offer another approach, targeting
specific immune responses or signalling pathways. For example, the IL-7 Tg, T-cell receptor a
KO, Wiskott-Aldrich syndrome protein KO and IL-2 KO models all exhibit a prominent T-cell
mediated UC-like pathologies [512-515], guanine nucleotide-binding protein G(i) subunit a-2
KO model can be used to investigate T- and B-lymphocyte biology ultimately inducing a UC-
like condition [508].

1.6.2 Animal models of CD

Similar to models of UC, CD-like experimental colitis can be induced using chemical agents or
genetic modifications. Trinitrobenzene sulfonic acid (TNBS) is a common chemical inducer in
rodents, leading to mucosal barrier destruction, granuloma formation, and infiltration of
inflammatory cells in all layers of the intestine [516]. TNBS induction has been shown to
trigger a Thl-type immune response, characterised by production of inflammatory IL-12 by
activated macrophages and IFN-y and IL-2 by lymphocytes, making it a suitable model for CD
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[517]. Indomethacin is another chemical agent that induces small intestinal and colonic
ulceration in a dose-dependent manner by inhibiting prostaglandin E1 and E; and prostacyclin
synthesis, which facilitates bacterial penetration and inflammation to generate a CD-like
phenotype [508, 518].

A CD-like phenotype can also be stimulated through genetic manipulation in animals. For
example, the SAMP1/Yit model, developed through sibling mating of senescence-accelerated
mouse lines, spontaneously develop ileitis at 20 weeks age without additional genetic or
immunological manipulation. This model closely mirrors human CD, with pathophysiological
features including segmental inflammation, transmural lesions, granuloma formations and
structural changes in epithelial and neural tissues [519].

The TNF-AARE mouse is another model of experimental CD that involves genetic modification
of the AU-rich motif in the 3’ untranslated region of the TNF gene [520]. Homozygous
(TNFAARE/BARE) and heterozygous (TNF2ARE/*) mice can develop chronic transmural ileitis
resembling varying extents of CD, with inflammation localised primarily to the terminal ileum
and proximal colon [521]. Together, these models offer value platforms to study the
underlying mechanisms and investigate the therapeutic potential of novel treatment targets
of CD.

1.7 Alternative medicines & Novel treatment approaches

Due to the chronic nature of IBD, its unpredictable disease relapse and irregular flare ups that
are difficult to predict, the absence of a definitive cure, and numerous adverse side effects
associated with the current treatment options, are all driving a profound interest in
developing new therapies that provides superior clinical efficacy and offers fewer side-effects.
The following section and the remaining body of the thesis comment on current advancement
of alternative medicines and novel treatment approaches in both animal models and human
patients of IBD, with particular emphasis on synthetic inhibitors, diet and gut microbiome
modulation and the utilisation of nutraceuticals.

1.7.1 Synthetic inhibitors
1.7.1.1 Janus kinase targeting inhibitors

The Janus kinase (JAK)/STAT pathway plays a crucial role in cell growth, immune regulation,
and inflammation, and genome-wide association studies have highlighted its involvement in
the pathogenesis of IBD, making it a promising target for IBD. Accordingly, several JAK
inhibitors, previously approved for other inflammatory conditions such as rheumatoid
arthritis, have demonstrated promising results in various phases of IBD human trials. For
example, Tofacitinib, an orally available small-molecule JAK1/JAK3 inhibitor has shown
efficacy in a Phase Ill clinical trials of over 1,500 UC patients, where 18.5% of UC patients
receiving 10 mg of Tofacitinib achieved clinical remission 8 weeks after treatment initiation,
and remission was maintained in 34.3% and 40.6% of patients after 1 year when administered
5 and 10 mg of Tofacitinib, respectively [522].

Similar beneficial results were also observed in a Phase |l trial of UC patient using Filgotinib, a
JAK1 specific inhibitor originally designed for rheumatoid arthritis treatment [523], with 200
mg of Filgotinib demonstrated good tolerance in patients and efficacious in inducing and
maintaining clinical remission in comparison to the control group [524]. Additionally, it has
also been shown that 47% of patients achieved clinical remission at week 10 compared to
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23% on placebo in another Phase Il trial of CD patients [525], highlighting the therapeutic
potential of inhibiting JAK/STAT pathway as a novel IBD treatment approach. Similarly,
another JAK1 selective inhibitor, Upadacitinib, showed promising results in a Phase |l study
for CD, with significant improvement in clinical response and endoscopic remission [526].
Collectively, these findings suggests that JAK inhibitors offer a novel and effective therapeutic
approach for IBD, potentially improving patient outcomes and proving an alternative option
to conventional treatments.

1.7.1.2 Angiotensin converting enzyme targeting inhibitors

Although angiotensin converting enzymes (ACE) are primarily known for regulating blood
pressure, their increased presence in the gastrointestinal mucosa during intestinal injury and
colitis in both animal models and humans suggest a potential role in IBD pathogenesis [527,
528]. Captopril, an oral ACE inhibitor, was the first drug studied for its potential beneficial
effect on intestinal inflammation. Wengrower et al. reported ACE inhibition resulted in
improved colitis symptoms and reduced colonic fibrosis in TNBS-induced rats of experimental
colitis [529]. Subsequent research confirmed its ability to mitigate inflammation, oxidative
stress and collagen deposition in the same model of experimental colitis [530].

Another ACE inhibitor Losartan has been shown to alleviate colitis severity by reducing pro-
inflammatory cytokines such as TNF-a, IFN-y and IL-13 in TNBS-stimulated mice [531].
Furthermore, the therapeutic potential of ACE inhibition was further highlighted by ACE
inhibitor Enalaprilat, with significantly reduced pro-inflammatory cytokine profile and
improved intestinal barrier function documented in a murine IL-10 deficient model of
experimental colitis [532]. However, retrospective studies on CD patients taking ACE
inhibitors over a 10-year period has yielded mixed findings. Whilst these patients experienced
a more severe overall disease course, evident in higher imaging and endoscopic procedures,
they have a reduced need for corticosteroids [533], suggesting a potential long-term benefits
and highlight the need for further large-scale studies to understand to therapeutic efficacy of
ACE inhibition as an IBD treatment.

1.7.1.3 Inflammasome targeting inhibitors

Given the potential involvement of inflammasomes in IBD pathogenesis (discussed in earlier
section), inhibition of this inflammatory pathway could improve IBD symptoms. Presently,
attempts to target the inflammasome pathway are largely focusing on inhibiting the canonical
and non-canonical activation of NLRP3 inflammasome. MCC950, a selective NLRP3 inhibitor,
has shown efficacy in experimental colitis models by preventing ASC oligomerisation and
reducing pro-inflammatory cytokines such as IL-1 and IL-18 [534]. Additionally, combining
MCC950 with metformin significantly alleviated DSS-induced colitis in mice by inhibiting toll-
like receptor 4/NF-kB signalling [535], which further highlights targeting of the inflammasome
as a potential IBD treatment. Notably, a rheumatoid arthritis Phase Il trial for MCC950 has
been suspended due to elevation in liver enzymes, suggesting a potential adverse impact on
liver hepatocytes [536].

Lastly, another promising compound, OLT177, is an orally active B-sulfonyl nitrile molecule
that specifically inhibit NLRP3, which leads to reduction of IL-18 and dampened caspase-1
activity in human neutrophils [537]. Meanwhile, Tranilast, an anti-allergic drug, has been
identified as a direct NLRP3 inhibitor, showing effectiveness in treatment NLRP3-related
autoinflammatory conditions such as gouty arthritis and Type 2 diabetes [538]. However, the
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clinical efficacy of OLT177 and Tranilast for IBD remains to be tested. Whilst promising results
have been reported by animal studies, further research and clinical trials are needed to
determine the therapeutic potential of NLRP3 inhibitors as novel treatment options for IBD.

1.7.1.4 NETSs targeting inhibitors

As discussed in earlier sections of this chapter, excessive neutrophil infiltration into the
colonic mucosa, accompanied with increased formation of NETs is a hallmark feature of IBD.
As a result, reducing the amount of NETs in the IBD colon could serve as a novel strategy to
improve IBD patient outcomes. Accordingly, the therapeutic effect of inhibiting enzymes
involved in the process of NETs formation has been reported in the literature. The neutrophil
enzymes NE and MPO have critical roles in the formation of NETs, where MPO triggers the
activation and nuclear translocation of NE in the presence of ROS, whilst NE is responsible for
the proteolytic process to disrupt chromatin packaging in the histone [79].

In the study by Morohoshi et al., the synthetic NE inhibitor ONO-5046 significantly reduced
body weight loss and histological score in DSS-induced experimental colitis in mice,
highlighting the therapeutic potential of NE inhibition as a the treatment of IBD [539]. On the
other hand, Ahmad et al. demonstrated the therapeutic potential of MPO inhibition, showing
that the synthetic MPO inhibitor AZD3241 alleviated experimental colitis symptoms whilst
activating the heme oxygenase-1 (HO-1)/Nrf2 signalling pathways [540]. More recent
attempts to inhibit PAD4, the vital enzyme involved in the citrullination process of NETs
formation has been reported, where inhibition of this enzyme by pan-PADs inhibitor CI-
amidine as well as PAD4 specific inhibitor GSK484 have shown to reduce NETs formation in
murine model of experimental colitis, and significantly improved colitis symptoms and
dampened intestinal inflammation by lowering pro-inflammatory cytokine productions [541,
542].

One shortcoming of these latter studies is the mode of identifying NETs in the colon tissues
with only one component of the three characteristic biomarkers (NE, MPO and Cit3)
consistently being used as the readout for colonic NET formation, which may lead to
ambiguous assignment of NETs. Based on these collective positive outcomes, the therapeutic
efficacy of PAD4 enzyme inhibitor GSK484 was examined further in Chapter 3 of this thesis
with implementation of multiplex (simultaneous) imaging of NE, MPO and Cit3 extending
these previous studies to provide definitive (unequivocal) identification of colonic NETSs.

1.7.2 Gut microbiome modulation

1.7.2.1 Faecal microbiota transplantation (FMT)

Faecal microbiota transplantation (FMT) is an innovative therapeutic approach aimed to
restore gut microbiota balance by introducing donor microbiota into the GIT of the recipient
[543]. Historically, FMT dates back to fourth-century China, where it was known as the “yellow
soup”, and was used to treat severe diarrhoea [544]. The process of contemporary FMT at
the present days involves donor selection, faecal material collection, processing, storage and
ultimately administration through various route [545, 546].

The introduction of beneficial microbiota is known to restore SCFA such as butyrate levels in
the gut [547], which plays a crucial role in maintaining gut barrier integrity and immune
regulations (discussed in Sections 1.1.1.4, 1.2.5.2 and 1.3.7 of this chapter). Studies have
shown that FMT leads to higher clinical remission and endoscopic improvement rates in both
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UC patients and animal models of UC-like colitis [548-550]. These positive findings were
reinforced by the meta-analysis by El Hage Chehade et al., where multiple administrations of
FMT correlates with better clinical outcomes in UC [551].

In CD, a recent randomised controlled trial demonstrated significantly higher remission rates
at 10- and 20-weeks post FMT treatment when compared to the controls [552]. It has also
been shown that patients who received FMT treatment have improved endoscopic activity
[552], suggesting a restoration of the intestinal balance. Furthermore, FMT has been deemed
a generally safe option for CD patients, with no severe adverse effects reported [553]. Despite
the promising results, the regulatory and safety challenges for FMT should not be overlooked,
necessitating further large-scale clinical trials to establish its long-term efficacy and safety as
an IBD treatment.

1.7.2.2 SCFA supplementation

In the gut, SCFA particularly butyrate has been shown to maintain intestinal epithelial
integrity and exert anti-inflammatory effect via a plethora of cellular processes (discussed in
Section 1.3.7 of this chapter). Thus, supplementation of SCFA may provide improvement
against IBD symptoms. However, studies with SCFA supplementation have yielded mixed
results in IBD patients. A study by Luhrs et al., demonstrated that administering 100mM of
butyrate via enema for 4-8 weeks inhibited macrophage NF-kB activation in the lamina
propria of UC patients, which results in significantly improved disease activity [554],
highlighting the therapeutic potential of butyrate supplementation in IBD. In contrast, Facchin
et al. performed a double-blind, placebo-controlled pilot study that failed to show any clinical
benefits in UC and CD patients, despite the combination of oral sodium butyrate
supplementation in with conventional therapies yielding elevated levels of SCFA-producing
bacteria and butyrate-producing bacteria in UC and CD patients, respectively [555].

Similarly, Hamer et al. reported that butyrate enemas led to minor improvement in gut
inflammation in UC patients in remission [556], suggesting that elevated butyrate levels may
only encourage a shift towards remission, but offer limited disease-modifying benefits for IBD
patients. Additionally, sodium propionate supplementation has been shown to reduced
inflammatory markers in end-stage renal disease patients [557], however, its role in IBD
remains unexplored. Together, these results suggests that further research is needed to fully
determine the therapeutic potential of SCFA supplement in IBD.

1.7.3 Nutraceuticals

Conventional IBD treatments often come with significant side effects and lacks a
definitive cure (as discussed in Section 1.4 of this chapter). As a result, nutraceuticals, which
are food-derived substances with medicinal benefits, have emerged as a promising
alternative or adjuncts to conventional IBD therapies. Several plant-based compounds have
demonstrated therapeutic efficacy in both experimental IBD models and humans. In addition
to the synthetic NLRP3 inhibitors mentioned above, plant-based NLRP3 inhibitors also
showed therapeutic efficacy in experimental IBD. For example, Oridonin, a plant derived
covalent inhibitor of NLRP3 [558], attenuated TNBS-induced CD-like colitis and reduced TNF-
o and IFN-y levels [559]. Therapeutic potential for nutraceuticals was also highlight in a study
that | was involved in during my candidacy, where polyphenol extract from a native Chilean
berry also alleviated experimental colitis and reduced pro-inflammatory mediators NF-kB and
IL-1B expressions through the inhibition of NLRP3 inflammasome [560]. Furthermore, aloe
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vera gel has also been investigated for its medicinal properties, with a study showing that oral
administration resulted in clinical improvement in UC patients, despite having no significant
endoscopic or histological recovery [561].

Curcumin, the active compound of turmeric, has been extensively studied for its anti-
inflammatory effects, primarily through NF-kB inhibition and suppression of TNF-a, IL-2 and
IL-2 productions [562]. Clinical trials have demonstrated its effectiveness in inducing and
maintaining remission in UC patients, with oral and enema formulations showing promising
results [563-565]. Additionally, traditional Chinese herbal medicines have also contributed to
potential nutraceutical treatments. Hedyotis diffusa has demonstrated anti-inflammatory
[566], antioxidant [567] and immuno modulating properties [568], improving clinical scores
and reducing pro-inflammatory cytokine release in animal models of experimental colitis
[569].

Amomum villosum, a Chinese herb from the ginger family, has been found to strengthen the
intestinal mucosal barrier and reduce inflammation by upregulating the HO-1/Nrf2 pathway
[570]. Whilst these findings suggests that nutraceuticals offer a natural, well-tolerated
approach to IBD management, the underlying mechanism of action of most of these
nutraceuticals remains unknown. Hence, in Chapter 5 of this study, the therapeutic efficacy
and mechanism of action of nutraceuticals curcumin, Hedyotis diffusa and Amomum villosum
were investigated.

1.8 Aims & Hypotheses

Presently, the exact cause of IBD is unknown and there is no definitive cure for this debilitating
disease. Contemporary IBD treatments carry severe adverse side-effects and commonly poor
primary response and compliance rates have been reported in substantial portion of IBD
patients prescribed the available treatments. As a result, there is an urgent need to explore
novel treatment targets and strategies to develop next-generation IBD interventions. As
highlighted in the introductory chapter, the utilisation of synthetic inhibitors, modulation of
gut microbiome as well as the administration of nutraceuticals have reported positive clinical
effects in both experimental animal models of IBD and in human IBD patients.

Therefore, it is hypothesised that simultaneously investigating novel synthetic inhibitors,
factors that influence gut microbiome composition and whole-of-body lipidomic changes
(lipidome) as well as the mechanism of actions of various nutraceuticals could provide
valuable insights into IBD pathogenesis and potentially identify novel pathways that aid the
development of innovative IBD treatments.

The current thesis encompasses three main aims:

1. Toinvestigate the clinical efficacy of synthetic PAD4 inhibitor in a DSS-induced animal
model of experiment colitis (Chapter 3);

2. To characterise SCFA profiles in stool specimens from patients on a spectrum of IBD
disease severity (Chapter 4); and

3. To evaluate the therapeutic efficacy of curcumin powder, and Hedyotis diffusa and
Amomum villosum herbal tonics in a mouse model of experimental colitis (Chapter 5).
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Chapter 2: Methods
2.1 Ethics

In the current thesis, Chapter 3 and Chapter 5 involves experimental procedures performed
on mice, whilst Chapter 4 utilised human plasma and stool samples obtained from various
hospital within the Western Sydney Local Health District (WSLHD).

All experimental procedures involving mice were conducted within the Laboratory Animal
Service (LAS) facility at the University of Sydney (Charles Perkins Centre) and followed the
approved protocol (#2019/1496 for Chapter 3 and Chapter 5) reviewed by the University of
Sydney Animal Ethics Committee.

All procedures involving human samples in the current thesis have strictly adhered to the
Declaration of Helsinki ethical principles regarding human experimentation and the study was
approved by the WSLHD ethics committee (ethics approval number 2021/PID#03593).
Informed consent was obtained from each participating subject before study enrolment and
where circumstances changed, and consent was withdrawn (n=1 instance), the patient data
was eliminated from the data set. All data was coded and reviewed in blinded fashion until
decloaking was required to assign different treatment groupings.

2.2 Equipment

Table 2.1. List of equipment used in the current thesis.

Equipment Model Manufacture
General Equipment
Bio-safety cabinet SAFE-2020 Thermo Scientific
Centrifuge 12011919 Mini Centrifuge Bio-Rad
Centrifuge Heraeus Pico 21 Thermo Fisher Scientific
Centrifuge Heraeus Megafuge 16R Thermo Scientific
Centrifuge 5425R Eppendorf
Dry heat bath AccuBlock Labnet International Inc.
Freezer MDF-U731M SANYO
Fridge MPR-1412-PE PHCBI
Fume cupboard 1500 Dynaflow
Magnetic stirrer MS-20A WiseStir
Microbalance PIONEER OHAUS
Microbalance PR series OHAUS
Microbalance BM 20 A&D
Micropipettes - Bio-Rad/Eppendorf
Microwave EM134AL7 Midea
Orbital shaker EOM5 RATEK
pH meter SevenDirect SD20 Mettler Toledo
Tube roller mixer BTR5 RATEK
Ultralow temperature Salvum Ultimate Haier Biomedical
freezer
Ultrapure water system H20OPRO-VF-D Sartorius
Vortex G560E Scientific Industries
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Absorbance Reading

In vivo Imaging chamber

IVIS® Spectrum CT

Perkin Elmer

Microplate reader SPARK(r) Tecan
Microplate reader Infinite M200-Pro Tecan
Microscopy
Decloaking chamber ARC Biocare Medical
Inverted microscope Vert.Al ZEISS
Microscope imaging camera AxioCam ICm1 ZEISS
Microscope imaging camera AxioCam 105 Color ZEISS
Upright microscope Scope.Al ZEISS
Upright microscope Lab.Al ZEISS
Tissue Processing
Homogeniser RW 20D IKA
Rotary microtome Shandon Finesse 325 Thermo Scientific
Teflon coated tube 5mL-Glass Wheaton Glassware

Western Blot

Electrophoresis chamber Mini-PROTEAN Tera system Bio-Rad
Membrane imager ChemiDoc MP Touch imaging Bio-Rad
system
Power Source PowerPac Basic Bio-Rad
Transfer machine Trans-blot Turbo Bio-Rad
Mass Spectrometry
High-throughput mass QTRAP 6500+ SCIEX

spectrometer

Orbitrap mass spectrometer

Q Exactive HF-X

Thermo Scientific

Property Analysis

Liquid chromatographer

AKTA pure

Cytiva

Multi-angle light scattering
detector

miniDAWN TREOS

Wyatt Technology

Polarimeter

341

Perkin Elmer

Refractive index detector

Optilab T-rex

Wyatt Technology

2.3 Reagents

Table 2.2. List of reagents used in the current thesis.
Catalogue

Reagents Number Supplier
General Reagents
BCA protein assay kit 23225 Thermo Scientific
Ethanol 459844 Sigma Aldrich
Hydrochloric acid 320331 Sigma Aldrich
Methanol 179337 Sigma Aldrich
Phosphate buffered saline tablet P4417 Sigma Aldrich
Sodium chloride AJA-465 Ajax Finechem
Sodium hydroxide 567530 Sigma Aldrich
Tris-base A1379 AppliChem
Tween 20 663684B VWR Chemicals
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Enzyme Linked Immunosorbent Assay (ELISA)

Human IL-10 ELISA kit BMS215-2 Invitrogen
Human IL-1B ELISA kit BMS224-2 Invitrogen
Human IL-6 ELISA kit EH2IL6 Invitrogen
Mouse calprotectin ELISA kit Ab263885 Abcam
Mouse GM-CSF ELISA kit 0010 ELISAkit.com
Mouse IFN-y ELISA kit EKO0002 ELISAkit.com
Mouse IL-10 ELISA kit BMS614 Invitrogen
Mouse IL-1p ELISA kit BMS6002 Invitrogen
Mouse IL-4 ELISA kit BMS613 Invitrogen
Enzyme Activity Assay & Other Assay Kits

Catalase colorimetric activity kit EIACATC Invitrogen
tlifolyms (3T3-L1) colorimetric assay MAK211 Sigma Aldrich
Superoxide dismutase activity assay 2b65354 Abcam

kit

Immunohistochemic

al & Immunofluorescence Staining

0.5% alcoholic eosin Y-solution 1.02439 Sigma Aldrich
10x antigen retrieval buffer pH 6.0 $2369 DAKO
10x antigen retrieval buffer pH 9.0 S2367 DAKO
30% hydrogen peroxide H3410 Sigma Aldrich
Alcian blue 8GX powder A5268 Sigma Aldrich
Bovine serum albumin A7906 Sigma Aldrich
DAB substrate kit K3468 DAKO
DISOdIun'.l 5-a.m|no-2,3-d|hydro-1,4- ALGSS Sigma Aldrich
phthalazinedion
DPX medium 06522 Sigma Aldrich
Fluorescence mounting medium S3023 DAKO
;g;malm solution, neutral buffered, HT501640 Sigma Aldrich
Harris hematoxylin solution HHS32 Sigma Aldrich
Histolene H2779 Sigma Aldrich
Opal 7-color IHC kit NEL811001KT AKOYA Biosciences
Safranin O S2255 Sigma Aldrich
Scott’s Tap Water Substitute $5134 Sigma Aldrich
Concentrate
Serum-free protein block X0909 DAKO
Triton X-100 270733 Sigma Aldrich
Tissue Homogenisation
2,6-Di-tert-butyl-4-methylphenol 112990010 ACROS
cOmprete protease inhibitor CO-RO Roche
cocktail
DNase DN25 Sigma Aldrich
Ethylenediamine-tetra-acetic acid E6758 Sigma Aldrich
PhosSTOP PHOSS-RO Roche
Sodium azide S2002 Sigma Aldrich
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Western Blot

4-15% Mini-PROTEAN TGX precast

protein gels — 15-well 4561086 Bio-Rad
Clarity Western ECL substrate 1705060 Bio-Rad
Glycine AJA1083 Ajax Finechem
Ponceau S solution A40000279 Thermo Fisher
Precision Plus Protein Kaleidoscope 1610375 Bio-Rad
ladder
Skim milk powder - Coles
Sodium dodecyl sulfate 428023 Calbiochem
Trans-Blot Turbo Midi 0.2 pm PVDF 1704157 Bio-Rad
transfer packs
Liquid Chromatograph & Mass Spectrometry
Acetic acid 695092 Sigma Aldrich
Acetic acid-ds 151785 Sigma Aldrich
Acetonitrile FSBA955-4 Thermo Fisher
Butyric acid-1,2-13C; 491993 Sigma Aldrich
Formic acid 5.33002 Supelco
Hexanoic acid 153745 Sigma Aldrich
Hexanoic acid-6,6,6-ds 489727 Sigma Aldrich
Methanol 1.06035 Supelco
Methyl tert-butyl ether 34875 Sigma Aldrich
Orthophosphoric acid 5.43828 Supelco
Propionic acid-1-13C 282448 Sigma Aldrich
Sodium butyrate B5887 Sigma Aldrich
Sodium propionate P1880 Sigma Aldrich
Splash Lipidomix mass 330707-1EA Avanti Polar Lipids
spectrometry standards
Valeric acid 240376 Sigma Aldrich
Water (LC-MS Grade) 1.15333.2500 Supelco
Antibodies
B-Actin 4967S Cell Signaling Technology
4HNE BS-6313R Bioss
Anti-mouse IgG HRP Ab205719 Abcam
Anti-rabbit IgG HRP A6154 Sigma Aldrich
citH3 Ab219407 abcam
GPx4 Ab125066 Abcam
HO-1 AB5700731 Sigma Aldrich
MPO PA5-16672 Invitrogen
NE PAS5-115648 Invitrogen
Nrf2 PA5-88084 Invitrogen
Nrf2 Ab137550 Abcam
SOD1 SAB5200083 Sigma Aldrich
Drugs
Amomum villosum 110001-1 Beijing Tongrentang Sydney

AZD3241

Pharmaxis Ltd.
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AZD3241 HY-17646 MedChemExpress
Curcumin 110001-2 Beijing Tongrentang Sydney
Dextran sodium sulfate 160110 MP Biomedicals
GSK484 Ab223598 Abcam
Hedyotis diffusa 110001-3 Beijing Tongrentang Sydney
Peanut butter - Bega

2.4 Consumables

Table 2.3. List of consumables used in the current thesis.

Consumable Catalogue Number Supplier
1.5 mL Eppendorf tube EPPE0030120.086 Eppendorf
15 mL falcon tube CLS430790 Corning
2 mL Eppendorf tube EPPE0030120.094 Eppendorf
50 mL falcon tube CLS430290 Corning
500 pL Eppendorf tube EPPE0030121.023 Eppendorf
96_-wel| clear flatbottom 650001 Greiner Bio-One
microplate

Menzel-Glaser cover slips

22 x 50mm No.1

Thermo Scientific

Micropipette tips

Sarstedt

Plain disposable soda lime 6mL
tube

KIML60BM12

Bio Strategy Pty Limited

Superfrost plus microscope slides

25x75x1.0 mm

Thermo Scientific

2.5 Software

Table 2.4. List of software used in the current thesis.

Software Version Sources
BioRender - Biorender.com
GraphPad Prism 10.1.0 GraphPad Software
Imagel 1.54d National Institute of Health
LipidSearch 5.0 Thermo Fisher Scientific
Living Image® 4.8.2 Perkin Elmer
MetaboAnalyst 6.0 Xia Lab
MetScape 3.10.3 Cytoscape Consortium
Microsoft Excel 2308 Microsoft

Zen Blue 3.11 ZEISS

2.6 General methodologies

This section covers general methodologies that are not specific to any of the experimental
procedures described in Chapter 3, 4 and 5, but were essential for optimising a workflow or

protocol and adhering to good laboratory practices.

2.6.1 Buffer preparation

2.6.1.1 Tissue lysis buffer preparation

Colon and faecal samples investigated in the current thesis were homogenised in a tissue lysis
buffer that was prepared in bulk and used within 1-week of preparation. This buffer was
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stored at 4°C until required. Briefly, 1 tablet of commercially available phosphate-buffered
saline (PBS) was dissolved into 30 mL of Mili-Q water, followed by the addition of 400 pL 100
mM ethylenediaminetetraacetic acid, 4 uL of 100 mM butylated hydroxytoluene, 1 tablet
each of commercial multi-protease and phosphatase inhibitors before the addition of 200 pL
of 10 mM sodium azide solution. All reagents were mixed thoroughly using a magnetic stirrer
until fully dissolved. The pH of this buffer was then adjusted to 7.4 before topping up to 40
mL (the required final volume).

2.6.1.2 Tris-buffered saline (TBS) and TBS with Tween 20 (TBST) preparation

A concentrated tris-buffered saline (TBS) solution was prepared using 24 g of tris-base and 88
g of sodium chloride into 750 mL of Mili-Q water in a Schott bottle with constant stirring. Once
all salts were completely dissolved, the pH was gradually adjusted to 7.6 by adding 2 mM
hydrochloric acid in a dropwise fashion. After the desired pH was achieved the solution was
brought up to 1 L (final volume). Similarly, a concentrated TBS with Tween 20 (TBST) solution
was prepared using the same method. After adjusting the pH to 7.6, 10 mL of Tween 20 was
added, before the volume was adjusted to 1 L (final volume). Concentrated TBS and TBST
solutions were stored at 4°C in a convenient walk-in cold room until required. For
experimental use, TBS and TBST working solutions were prepared by diluting 100 mL of
concentrated TBS/TBST solution with 900 mL of Mili-Q water. The pH of TBS/TBST working
solution was monitored using the pH probe after the dilution.

2.6.1.3 Phosphate-buffered saline (PBS) preparation

PBS was prepared and used for immunochemical and immunofluorescence studies described
throughout the current thesis. Briefly, 5 tables of commercially sourced PBS were added into
a 1 L Mili-Q water in a Schott bottle with rigorous magnetic stirring to aid the dissolving
process. Once the tablets were fully dissolved, PBS solutions were stored at 4°C in the dark
until required.

2.6.2 Protein analyses using the bicinchoninic acid assay (BCA)

Total protein concentration was determined in colon and faecal homogenates using a
commercially available bicinchoninic acid assay (BCA) kit. To ensure data reproducibility,
standards and samples were analysed in duplicates with factory recommended protocols
followed. Briefly, serial dilutions were performed to create a standardised protein
concentration gradient of bovine serum albumin (BSA), ranging from 2000 pug/mL to 25 pg/mL
in Mili-Q water. Next, 10 uL of pre-diluted BSA standards were loaded onto a 96-well clear
flat-bottom polystyrene plate. This step was followed by loading of 10 pL diluted colon
homogenate or faecal tissue lysate at 1:10 and 1:4 (v/v), respectively in Mili-Q water onto the
96-well plate. Once the standards and samples were loaded, 190 pL of a freshly prepared 4%
v/v CuSO4 BCA solution was loaded onto each of the analysing wells. The plate was mixed
vigorously by placing onto an orbital shaker at maximum speed before incubation in a dry
oven at 37°C for 30 + 2 min. After incubation, the absorbance was measured at 562 nm using
a plate reader. Calculation of total protein was conducted using Microsoft Excel and a
standard curve was generated. The linear equation and correlation coefficient (R?) were
evaluated to confirm an acceptable linear regression and then protein concentrations were
deduced from the absorbance readings for each of the samples by interpolation against the
standard curve.
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2.7 Specific methodologies

The following sections include relevant methodologies and protocols of specific experiments
that were either not described or briefly summarised in the following chapters to adhere to
strict publication word limits.

2.7.1 Methodologies specific to Chapter 3

2.7.1.1 Triple-plex immunofluorescence labelling of NETs

The presence and density of NETs in the colon tissues was visualised by using the Opal 7-Color
IHC Kit (NEL811001KT; AKOYA Biosciences). All staining steps were completed at room
temperature (~22°C) in an opaque humidity chamber unless specified otherwise and
following the manufacture’s recommended protocol. After slide dewaxing and rehydrating,
heat induced epitope retrieval (HIER) was performed by placing with the slides into an opaque
Coplin jar with pH 6.0 citrate HIER buffer (52369, DAKO) to expose the antigens for NETs
markers: NE, MPO and citH3. The device settings used for the HIER process were summarised
in Table 5. After HIAR, slides were washed with tris-buffer saline with 0.1% v/v Tween® 20
(TBST) and PBS to fully remove the HIER buffer. This is followed by incubation with 5% v/v
H,0, for 30min to remove endogenous peroxidase activities and serum-free protein block
(X0909, DAKO) for 30min to reduce non-specific antibody binding.

Next, the slides were then incubated with primary antibody anti-NE (1:500 v/v; PA5-115648;
Invitrogen) in antibody dilution buffer (1% w/v bovine serum albumin and 0.5% v/v Triton-
X100 in TBST) at 4°C overnight. The following day, primary antibodies were flicked off and
washed with TBST and PBS before incubating with Opal Polymer HRP Ms+Rb secondary
antibodies provided by the detection kit for 45min. Subsequently, colonic sections were
incubated with Opal fluorophore (Opal 520) for 10min in the dark. The HIER, primary antibody,
secondary antibody and fluorophore incubation process was then repeated with the use of
anti-MPO (1:100 v/v; PA5-16672; Invitrogen) with Opal 570 fluorophores and anti-citH3
(1:200 v/v; ab219407; abcam) with Opal 690 fluorophores. Lastly, triple labelled colon slides
were stained with 4',6-diamidino-2-phenylindole (DAPI) to visualise cell nuclei and
coverslipped with fluorescence mounting medium (53023, DAKO). Immunofluorescence
images were captured using an upright microscope (Axio Scope.Al, ZEISS) equipped with an
AxioCam-ICm1 camera (ZEISS) at 10x magnifications. Refer to Table 6 for the settings for
immunofluorescence imaging and their corresponding fluorophores employed with the
different antibodies identified here.

Table 2.5. Devices and settings used for heat-induced antigen retrieval.

Antigen Heat Induction Device Retrieval Settings
Pre-heat at 80°C for 30sec and heat
Decloaking Chamber induced retrieval at 125°C for 30sec;

Myeloperoxidase (MPO) (Biocare Medical) followed by cooling fan on at 95°C and

fan off at 90°C.

Neutrophil Elastase (NE) Microwave (Media) 1100W for 2min followed by 220W for

20min.
Citrullinated Histone H3 . . 1100W for 2min followed by 220W for
. Microwave (Media) .
(CitH3) 20min.
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Table 2.6. Imaging settings for neutrophil extracellular trap markers.

Antigen Oval Fluorobhore ZEISS Camera Beam Excitation/Emission
g P P Filter Set Splitter Wavelength
Myeloperoxidase Opal 570 Filter set43  FT570 550/570nm
(MPO)

Ne”tror(’,:'é)E'aStase Opal 520 Filter set44  FT500 494/525nm

Citrullinated Histone .
H3 (CitH3) Opal 690 Filter set 50 FT660 676/694nm

4’ 6-diamidino-2-

- phenylindole Filter set 49 FT395 358/461nm

(DAPI)
2.7.1.2 NETs immunofluorescence intensity and density analysis

The immunofluorescence staining intensity of each NETs marker (MPO, NE and CitH3) was
analysed using the ImageJ Software (v.1.54d, National Institute of Health, USA). Briefly, multi-
plex immunofluorescence images were converted and channel separated using the Bio-
Formats Plugin (v.7.3.0) (Figure 13a). Next, areas of the colon tissue as well as their
corresponding cryptic areas were selected using the “Freehand Selections” tool in the ROI
Manager (Figure 13b & c). After area selection, staining intensity of each marker was then
measured using the “Multi Measure” function in the ROl Manager tool (see Figure 13d).

The co-localisation of MPO and NE as well as the process of histone citrullination by PAD4 is
essential for NET formation. Thus, the overlapping staining of all three immune markers is
indicative of NETs presence. The density and number of such overlap was measured using the
Imagel) software (v.1.54d, National Institute of Health, USA) with the Trainable Weka
Segmentation Plugin (v.3.3.4). To summarise, three multi-plex immunofluorescence images
(with heavy, medium and light/no immunofluorescence) were used to “train” the plugin to
accurately identify the presence of NETs (Figure 14). After the serial training was judged to be
sufficiently accurate by comparison with assignments made by human eyes, the same NETs
selection criteria were applied to all images and isolated NETs from each image file was
created in a new greyscale 8-bit image (Figure 15). The area of colon/crypts was highlighted
using the “Freehand Selections” tool and stored in ROl manager and the number of NETs
presence was determined using the “Analyze Particles” function.
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File Edit Fom Results
[Label [Area(Total) [Mean(Total) [Area(Crypts) [Mean(Crypts) | *

1 D3S 1MNETs 10x_1.czi- C=1 555041812 545964 207292719 581633

2 DSS1NETs10x_lczi-C=2 555041812 260295 207292719 269.985

3 DSS1NETs10x_lczi-C=3 555041812 288458 207202719 301.012

Figure 2.1. lllustration of steps involved for NETs immunofluorescence intensity
analysis. (a). Settings for Bio-Formats Plugin. (b). Areal selection of total colon tissue.
(c). Areal selection of cryptic area of the colon tissue. (d). Staining intensity results of
the analysis, C=1: NE, C=2: MPO and C = 3: citH3.

4.63¢3.46 inches (1388x10382 BB

Training
Train classifier
Labels
Add to NETs
race 0 (Z=1 ~
trace 1(Z=1
trace 2 (z=1)
trace 3 (Z=1)
Options By |trace 4 (z=1 v
Add to Not NETs
Load classifier
Load data
Add to NETs
Save data
Create new class
Settings

Figure 2.2. Settings of “Trainable Weka Segmentation” in the available software
plugin. Red shading: training examples of NETs. Green shading: example of training
the artificial intelligence system to exclude histological structures that are not NETs.
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Figure 2.3. Representative 8-bit image of isolated NETs that were identified in the
colon tissue following the process described above.

2.7.2 Methodologies specific to Chapter 4

2.7.2.1 Optimisation of SCFA extraction

A series of optimisation studies were performed to evaluate the efficiency of stool SCFA
extraction prior to the analyses of bulk patient specimens and subsequent liquid
chromatography tandem mass spectrometry (LC-MS/MS) with auto sampling. These studies
compared extraction methods using organic solution of 30% v/v acetonitrile/water and
aqueous solution (0.5% v/v orthophosphoric acid (OPA)/water) to isolate the analytes of
interest and were essential to demonstrate a reliable and robust extraction method that

would be used for all available human stool samples.

As shown in Figure 16a, extraction with the aqueous solution resulted in the detection of clear
and distinct peaks with no signs of impurities. The clear symmetrical peaks have been
consistently detected for all SCFA of interest, with retention time near identical to those of
the corresponding authentic SCFA standards. In contrast, inorganic extraction of SCFA with
30% v/v acetonitrile/water largely resulted in responses displaying markedly larger peak
width with a generally broader chromatogram (Figure 16b). Additionally, multiple split-peak
responses, suggesting contaminating impurities, were often present with this method of
extraction. Together the broadened split peaks obscured the appropriate SCFA peak response
and subsequently the evaluation of SCFA concentrations was non-rigorous and not
reproducible, hence this method was not taken further. As a result, agueous extraction of
SCFA with 0.5% v/v OPA/water on stool specimens was selected as the desired methodologies

for SCFA analysis reported in Chapter 4 of the current thesis.
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Figure 2.4. Representative chromatograms of SCFA extraction optimisation study.
Panel (a). Representative chromatogram of stool specimens extracted with 0.5% v/v
OPA/water, which resulted in distinct m/z peaks with optimal sensitivity. Panel (b).
Representative chromatogram of stool samples extracted with 30% v/v
acetonitrile/water organic solution showing significant peak broadening and likely
peak contamination in the region of interest.
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Chapter 3: Synthetic enzyme inhibitor as a potential
IBD treatment
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Inflammatory bowel disease (IBD) is a gastrointestinal disorder characterised by elevated colonic neutrophil
extracellular traps (NETs), which are associated with disease severity. Formation of NETs is primarily driven by
peptidyl arginine deaminase IV (PAD4) and other enzymes including myeloperoxidase (MPO) and neutrophil
elastase. The present study evaluated the effect of MPO and PAD4 inhibition in dextran sodium sulfate
(DSS)-induced colitis. Experimental colitis was induced in male C57BL/6 mice by 2% w/v DSS in drinking
water ad libitum. Treatment groups received daily oral administration of MPO inhibitor (AZD3241; 30 mg/kg)
and/or intraperitoneal injection of PAD4 inhibitor (GSK484; 4 mg/kg) 4 times over 9 days. Inhibition of PAD4
significantly diminished NET density in the colonic mucosa of mice insulted with DSS, reaching levels similar
to that detected in control mice. Both inhibitors offered limited improvement in disease-activity-index, a
scoring system that considers the extent of weight loss, stool consistency and rectal bleeding. Histology
showed that MPO and/or PAD4 inhibition did not recover DSS-induced colon histoarchitectural damage
whilst Alcian blue staining demonstrated that PAD4 failed to reduce goblet cell loss. The selected dosage of
PAD4 inhibition also yielded no effect on inflammatory markers and antioxidant protein levels. These data
sets suggest that other mechanisms may be involved in the pathogenesis of IBD, and the appropriate dosage
of GSK484 requires thorough investigation.

Introduction

Inflammatory bowel disease (IBD) is an umbrella term that encapsulates Crohn’s disease (CD) and
ulcerative colitis (UC). These chronic autoimmune conditions manifest as severe gastrointestinal disorders,
predominantly confined in the colon in UC or affecting any part of the digestive tract in CD [1].
The general clinical symptoms of IBD include abdominal pain, weight loss, diarrhoea, rectal bleeding,
fever and anaemia [2,3]; all factors that affect lifestyle and clinical outcomes in patients diagnosed with
IBD [4]. Currently, there is no cure for IBD and contemporary treatments such as 5-aminosalicylates,
corticosteroids, immunomodulators and biologic therapies (e.g. anti-tumour necrosis factor alpha [TNF-
a]) [5] all address symptoms. However, patients often experience disease relapse with adverse side effects
such as nausea, vomiting and compromised immune systems [6].

The cause of IBD is largely unknown; however, risk factors such as age, familial history, ethnicity
and environmental factors (e.g. diet and smoking), use of antibiotics and non-steroidal anti-inflammatory
drugs are all linked to IBD pathogenesis [7]. Specifically, UC is characterised by immune cell infiltration,
namely mast cells (MC) and neutrophils into the colon epithelium. This characteristic immune infiltration
correlates with an elevation of calprotectin (CP; from activated neutrophils) level in the stool [8]. However,
the underlying mechanism driving immune recruitment remains elusive. The current dogma identifies
invading pathogenic bacteria, erosion of the colon epithelium and formation of colonic lesions in the
presence of reactive oxygen species (ROS) as potentiating factors [9].

Increased MC infiltration and activation in the ileum and colon of IBD patients has been demonstrated
[10-12]. Similarly, MC infiltration and activation is also described in animal models of UC and CD
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[13,14]. Upon activation by interleukin (IL)-18, tissue-resident MC degranulate to release inflammatory
mediators including histamine and serine proteases [15]. In parallel, activated MCs interact with

dendritic cells to secrete pro-inflammatory cytokines interferon (IFN)-y and IL-17, which together
promote T cell differentiation to yield Th1 and Th17 phenotypes [16]. Activated neutrophils have

been reported to cross-talk with the IL-18/IL-18 receptor (IL-18R)-Th1 polarisation signalling pathway,
where IL-18R stimulation on natural killer and Th1 cells results in neutrophil recruitment to the

site of inflammation [17]. Furthermore, the G-protein-coupled receptor GPR35 contributes to efficient
recruitment of neutrophils in vivo, where the MC-derived serotonin metabolite, 5-hydroxyindoleacetic acid
(5-HIAA), acts as ligand for this receptor [18], suggesting a direct interplay between MCs and neutrophils
during the inflammatory response.

Myeloperoxidase (MPO) is a heme enzyme that is abundantly found in the lysosomal azurophilic
granules of neutrophils, comprising ~5% of the neutrophil dry mass [19]. Enzymic MPO utilises hydrogen
peroxide (H,0,) and chloride anions (Cl") as substrates, catalysing the production of hypochlorous acid
(HOCI) [20]. The potent cytotoxic oxidant HOCI elicits bactericidal actions and eliminates invading
pathogens by inducing non-specific DNA damage [21]. However, the release of neutrophil MPO into the
extracellular space can also cause host tissue damage. Together, infiltrating immune cells and host tissue
damage become central to IBD pathogenesis that results in further pathogenic bacterial invasion and cyclic
recruitment of immune cells to the inflamed colon.

The immune system tightly regulates the action of neutrophils via degranulation, phagocytosis and the
formation of neutrophil extracellular traps (NETs) [22], which are extracellular structures that contain
cytosolic and granule proteins (including MPO) [23]. Formation of NETs (NETosis) is initiated by nuclear
chromatin decondensation, where ROS drive the translocation of neutrophil elastase (NE) to the nucleus,
disrupting the chromatin structure [24]. This nuclear disruption is followed by the binding of MPO to
chromatin and the conversion of arginine residues into citrullinated histone 3 (citH3) by peptidyl-arginine
deiminase IV (PAD4), stimulating the disassembly of the nuclear envelope [23,25]. Nuclear envelope
disassembly initiates the rupturing of the neutrophil membrane, releasing the cytosolic and granule
contents into the extracellular space, which enables sustained bactericidal effects to be observed after
cell death [26].

The dysregulation of NETs has been identified in various chronic inflammatory conditions. For
example, increased NET density is detected in the synovial fluid of patients with rheumatoid arthritis
[27], and patients diagnosed with chronic obstructive pulmonary disease or small vessel vasculitis [28].
Recently, the association of dysregulated NETs formation and IBD has been established [29-31], whereby
elevated NETs density was observed in patients with CD and UC when compared with healthy controls.
Furthermore, through the utilisation of multiplex imaging of NE, MPO and citH3, Schroder et al. showed
that an increasing colonic NET density correlates with greater disease severity in CD [32], highlighting the
potential involvement of NETS in the pathogenesis of IBD.

Pharmacological inhibition of MPO by synthetic inhibitor AZD3241 has shown to improve
experimental colitis symptoms and activate the heme oxygenase-1 (HO-1)/nuclear factor erythroid factor
2-related factor 2 (Nrf2) signalling pathways [33], whilst the inhibition of PAD4 by the pan-PAD
inhibitor Cl-Amidine ameliorated experimental colitis and up-regulated glutathione peroxidase 1 (GPx1)
and superoxide dismutase 1 (SOD1) expression [34,35]. However, the exact involvement of NETs in
experimental IBD pathogenesis remains to be fully defined, as the spatial co-localisation of essential
markers of NETs: MPO, NE and citH3 was not examined. Herein, we examined the therapeutic potential
of two selective enzyme inhibitors: AZD3241 (inhibiting MPO) and GSK484 (inhibiting PAD4) in
ameliorating dextran sodium sulphate (DSS)-induced experimental colitis.

Results

Electrospray of MedChemExpress supplied AZD3241 contains
Impurities

Electrospray mass spectrometry analysis of sourced AZD3241 (M = 253.32 g/mol) obtained from
Pharmaxis and MedChemExpress showed a high abundance peak at 254.09 m/z, indicating the detection
of parent ion M + 1 (M + H) under positive ion mode. Compared with authentic AZD3241 supplied

by Pharmaxis, the peak response at 254.09 m/z for the compound obtained from MedChemExpress was
substantially lower. Additionally, a weak complex peak response was observed at 74.06 m/z (Supplementary
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Figure Sla-c), which suggests that AZD3241 sourced from MedChemExpress contained low-molecular
weight contaminants (likely inorganic salts). Ratio difference calculation between the two MPO inhibitors
showed that AZD3241 from MedChemExpress contained ~42% of the compound of interest relative to the
same weight of inhibitor supplied by Pharmaxis. Thus, a compensatory dosage equivalent to 30 mg/kg for
AZD3241 sourced from MedChemExpress was prepared prior to administration to mice in the current
study.

Administered MPO and/or PAD4 inhibitor failed to improve DSS-
induced weight loss, disease activity index, nor alleviate macroscopic
colon damage

DSS is a water-soluble polysaccharide that promotes gut epithelial monolayer damage when administered
orally, which results in a loss of body weight and intestinal inflammation that mimics a UC-like condition
in rodents [36]. Here, mice supplemented with DSS progressively lost weight from day 5, whilst control
mice (absence of DSS or drug intervention) continued to increase body weight throughout the monitoring
period (Figure 1a). At day 8 (day of sacrifice), mice insulted with DSS recorded a significant reduction in
body weight when compared with the control (P=0.0066, Figure 1b). However, pharmacological inhibition
with AZD, GSK or the combination of drugs (AZD+GSK group) was unable to mitigate DSS-induced
weight loss. In mice supplemented with DSS, the disease activity index (DAI) scores increased markedly
after day 4, yielding an average score of 4.5 at the end of monitoring (Figure 1¢). By contrast, the DAI
scores remained negligible in the control group over the same period. At the day of sacrifice, the DAT score
from mice challenged with DSS was significantly greater than the corresponding control group (P=0.0087).
In mice insulted with DSS in the presence of AZD3241 and/or GSK484, both inhibitors failed to ameliorate
the DAI score (Figure 1d).

Next, we evaluated colon length and colon weight/length ratio as markers of macroscopic colon
damage. As shown in Figure le and f, mice in the control group recorded a significantly longer colon
length (P<0.0001) and lower colon weight/length ratio (P<0.0001) when compared with isolated colons
from the DSS-insult group, whilst MPO and/or PAD4 inhibition did not improve these DSS-induced
criteria. Representative images shown in Figure 1g demonstrated the dark-red colour of stool and reddened
appearance of colons from DSS-insulted mice indicative of intestinal hyperaemia and colon inflammation,
which was largely unaffected by any of the drug interventions. Indeed, determination of stool haemoglobin
content demonstrated that DSS significantly increased faecal haemoglobin levels (P=0.0008) whilst MPO
and PAD4 inhibitions had no effect (P>0.05, Supplementary Figure S2). Collectively, these outcomes
demonstrate that insult with DSS resulted in extensive colon damage with parallel decline in colon
function, whilst pharmacological inhibition of the enzymes MPO and/or PAD4 offered negligible
protection to the colon.

Pharmacologic inhibition of MPO and/or PAD4 did not reduce
biomarkers of colonic inflammation

CP is a calcium-binding protein primarily produced by neutrophils, and elevated faecal CP (FCP) level
directly reflects the extent of neutrophil infiltration in patients with IBD [37,38]. In the present study,
significantly higher CP levels were observed in colon homogenates and stool samples from the mice that
received DSS supplementation in their drinking water (P=0.0032 and P=0.038 respectively, Supplementary
Figure S3a and b). The administration of AZD3241 or GSK484 failed to alleviate the elevated CP level

in both colon tissue and faeces, suggesting that MPO or PAD4 inhibition did not reduce the extent of
neutrophil recruitment to the inflamed colon.

Colon damage elicited by DSS is not abrogated by MPO and/or PAD4
inhibition

The histoarchitecture of the isolated colons was visualised with H&E staining with a focus on surface
epithelium loss, crypt loss and the extent of neutrophil infiltration. When compared with the control
group, mice insulted with DSS exhibited significantly greater extent of surface epithelium loss, commonly

showing severe erosion of the brush epithelial border (P=0.006, red arrows in Figure 2a(i,ii) and b).
These tissue changes were accompanied by the presence of extensive colon ulceration, disruption of

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 377


https://creativecommons.org/licenses/by/4.0/

Bioscience Reports (2025) 45 375-397

2 PORTLAND https://doi.org/10.1042/BSR20253205
0O press
( )110- (b)120 .
1 T e
I l i 3 4 1004 fob ] - T
£ E i &4 } B Bx % artzs YT
H =1 | [ £ L EAEARESEES
é 1001 : 1 1 = I i 80] ' . a
2 5 - 3
: I
E Control 1 { £
2 2
5 90 DSS 5 40
S AZD L S
® GSK ® 2
AZD+GSK
o Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 o Control DSS AZD GSK  AZD+GSK
(c) (d)
6 8
Control I
4 :;[S) i 6 S ae Aa vy
. GSK I ® ,_T_, ,T,
3 AZD+GSK b
g 2 ! I 8 i
g I | | B
* f b 3
01 bS .; i 1 1 2
= Day1 Day 2 Day 3 Day4 Day5 Day6 Day 7 Day 8 g Control DSS AZD GSK AZD+GSK
(e) 10 (g) Control

b, 4
g 64 . . A
£ . . i, v
g .-_:-—': g rl—: .;};'
3 4
I3 -
(-
o
Q
2
(f) " Control  DSS AZD GSK  AZD+GSK
0.05
-
2004 3 T v
8 B ] $ vty
=
-
?o.os - = 'é‘
= A
)
s 0.02
S . 4
s
S
S 0.01
0.00
Control ~ DSS AZD GSK  AZD+GSK

Figure 1: Effect of MPO and/or PAD4 inhibition on dlinical outcomes and macroscopic colon damage in mice following eight days of DSS
insult.

(a) Percentage of the original weight from the start of the experiment to the day of sacrifice. (b) Percentage of original weight at the day of sacrifice. (c) DAI score recorded
throughout the experiment period. (d) DAI score recorded at the day of sacrifice. (e) Isolated colon length at the day of sacrifice. (f) Isolated colon weight/length ratio recorded
at the day of sacrifice. (g) Representative images of isolated colon from different experimental groups. Graphical values represent mean + SD with n = 9 mice per group.
Normalcy of the collected data was analysed using Shapiro—Wilk test, group difference was analysed by one way ANOVA with Tukey’s multiple comparison for parametric data
and Kruskal—Wallis test with Dunn’s multiple comparison test was used for non-parametric data. *P<0.05, ** P<0.01, ***P<0.001 and ****P<0.0001. DAI, disease activity
index; DSS, dextran sodium sulphate; MPO, myeloperoxidase; PAD4, peptidyl arginine deaminase IV.

crypt histoarchitecture (P=0.0062, yellow arrows in Figure 2a(i,ii) and c) and pronounced oedema and
neutrophil infiltration into the colon mucosa and submucosa (P<0.0001, green arrows in Figure 2a(,ii)
and d). Mice that received MPO and/or PAD4 inhibitors showed similar histopathologic characteristics
in which AZD3241 and/or GSK484 administration failed to preserve colon histoarchitecture and reduce
immune infiltration (Figure 2a(iii-v) and b-d).
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Figure 2: Haematoxylin and eosin (H&E) staining of isolated mouse colons and histopathological evaluation.

(a) Representative colon images from different groups were captured from Axio Lab.A1 light microscope with a Axiocam 105 Color camera at 10 x magpnification. (i-v) The type
and location of histoarchitectural damage was highlighted: surface epithelium loss (red arrows), crypt loss (yellow arrows) and neutrophil infiltrations (green arrows). Scale bar
=100 pm. Histology score for (b) surface epithelium loss, (c) crypt loss, (d) neutrophil infiltration and (e) total histology score. Graphical values represent mean + SD withn =
9 mice per group. Normalcy of the collect data was analysed using Shapiro—Wilk test, group difference was analysed by one way ANOVA with Tukey’s multiple comparison for
parametric data and Kruskal-Wallis test with Dunn’s multiple comparison test was used for non-parametric data. *P<0.05, ** P<0.01, ***P<0.001 and **** P<0.0001.
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As anticipated, combining the histological scoring showed that DSS insult caused extensive colon
histoarchitectural disruption and immune infiltration, whereas pharmacological inhibition of MPO and/or
PAD4 (either separately or in combination) was unable to ameliorate this DSS-induced colon damage
(P<0.0001, Figure 2e).

MPO and/or PAD4 inhibition did not prevent goblet cell loss nor
mitigate mucin production

We next utilised Alcian blue and Safranin-O stains to investigate the impact of different treatments on
mucus-secreting cells from isolated colons. Goblet cells synthesise and secrete mucin to form a protective
colonic mucus layer [39]. Along with the extensive inflammatory damage observed in the colons from

the DSS group, weak staining of Alcian blue suggested a loss of goblet cell mucin secretion in response
to the DSS insults (green arrows in Figure 3a(i-v)). This outcome is further supported by the quantitative
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Figure 3: Alcian blue and Safranin 0 staining for goblet cells and mucin in mouse colons.

(@) Representative colon images from different experimental groups were captured from Axio Lab.A1 light microscope with a Axiocam 105 Color camera at 20x magpnification.
(i—v) The area of goblet cell death and mucin loss was highlighted with green arrows. Scale bar = 50 um. (b) Quantification of positive staining for alcian blue is expressed as
% of positive stain vs. colon area. Graphical values represent mean = SD with n = 9 mice per group. Normalcy of the collect data was analysed using Shapiro—Wilk test, group
difference was analysed by one way ANOVA with Tukey’s multiple comparison as a post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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analysis of Alcian blue* staining, where significant reduction of Alcian blue was observed in colons taken
from the same DSS-insulted mice compared with the control (P=0.0003, Figure 3b). In mice treated with
pharmacological inhibitors (either separately or in combination), the loss of mucin was persistent and was
not recovered to control levels. Percentage (%) of alcian blue* staining from all three treatment groups

was not significantly different compared with the DSS group (P>0.05), which suggests that MPO and/or
PAD4 inhibition did not prevent goblet cell loss and neither mitigated mucin loss nor improved the mucus
physical protective layer.

MPO inhibition potentially facilitates mast cell migration and
activation, whilst PAD4 inhibition dampened such mast cell response

Infiltrating MCs are characteristic of the inflammatory response of IBD and experimental colitis [10,14].
Here, Toluidine blue staining of mouse colon tissues was used to identify MCs. In the control group,

few MCs were detected in the connective tissue with little evidence of MC degranulation (Figure 4a(i),
respectively). Colons from mice exposed to DSS insult were characterised by substantial MC degranulation
in the lamina propria, submucosa and muscularis externa layers (Figure 4a(ii)). Additionally, MCs were
identified in blood vessels and in colon adventitia layers (Figure 4a(ii) and b), consistent with MC
infiltration and subsequent activation in the colon tissue. Compared with the control, a significant

increase in MC number was identified in the colons of mice allocated to the DSS group (P=0.0278,

Figure 4b). Similar to the DSS group, a pronounced MC response was also observed in mice from the

AZD group, where MC count from mice that received the MPO inhibitor was significantly higher than
control (P<0.0001 Figure 4b). However, most of the MCs were not activated (as judged by an absence

of non-degranulated) (Figure 4a(iii) and c). As shown in Figure 4a(iv,v), a notable decrease in MC

density was determined when mice were treated with PAD4 or AZD + PAD4 inhibitors. However, these
differences were not statistically significant (P>0.05, Figure 4b). Together, these results showed the potential
involvement of MC in the inflamed colon that paralleled neutrophil recruitment, thereby implicating the
possibility of immune-crosstalk with the neutrophil inflammatory pathway.

PAD4 inhibition diminishes the density of NETs in mucosal crypts
evaluated by triple-labelled immunofluorescence

To further investigate the relationship between MC and neutrophils in DSS-induced colitis in the
presence of MPO and/or PAD4 inhibition, we next examined the extent of colon NETosis. Chromatin
decondensation promoted by MPO and NE and concomitant citrullination of the histone proteins by
PAD4 are processes essential for NETosis [23,24]. The current study utilised multiplex immunofluorescence
(IF) labelling of these three key markers: MPO, NE and citH3 to confirm spatial co-localisation of these
proteins in the extracellular domain (Supplementary Figure S4) and to visualise/quantify NETs in colon
tissues. As shown in Figure 5a, a noticeable increase in the colon expression of MPO and NE was detected
in mice from the DSS-insult group, whereas little expression of these two immune* biomarkers was
detected in the healthy controls. Importantly, pharmacological inhibition of MPO and/or PAD4 enzymes
resulted in decreased MPO and NE accumulation in the DSS-injured colon. Also, the level of histone
citrullination, detected as citH3* immune signal, was relatively higher in the same colon tissue, whilst
colons from the healthy controls, AZD, GSK and AZD+GSK treatment groups all displayed similar levels
of immune" fluorescence. However, semiquantitative analysis of the IF images showed that none of these
visible changes reached statistical significance (Supplementary Figure S5a-f, P>0.05).

The current study also attempted to quantify NETs density in colon tissues by examining the degree
of overlapping staining of all three immune markers. Importantly, when investigating NETs density
specifically in the mucosal (epithelial) region of the colon, it was noted that NETosis increased significantly
in DSS-treated colons (P=0.0092), whereas pharmacological inhibition of PAD4 with GSK484 significantly
lowered NETs density in the same colon region (P=0.0294, Figure 5b and c). The administration of
AZD3241 (alone) and AZD3241+GSK484 (combined) also lowered mucosal NETs formation, albeit this
did not reach statistical significance (P>0.05). Thus, inhibition of PAD4 with GSK484 showed different
regional effects, and reduction in NETs was limited to the colon mucosa.
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Figure 4: Toluidine Blue staining for mast cells (MC) in colon tissues.

(@) Representative colon images from different experimental groups. Images were captured from Axio Lah.A1 light microscope with a Axiocam 105 Color camera at 40x and 63x
magnifications as indicated on the figure. Scale bar = 20 ym. (i) Red arrow showed a single MCin the connective tissue of submucosa and (i.a) MC granule was highlighted

by the green arrow. (i) Red arrows indicated extensive degranulation of MCin the submucosa and lamina propria layers, (iii) but MCs were not degranulated in the AZD group
(ii.b and iii.c) green arrows displayed the presence of MCs in blood vessels. (iv) Absence of submucosal MC was observed in GSK484-treated mouse colons and (iv.d) presence
of degranulated MC in the muscularis externa layer (green arrow). (v) Red arrows showed submucosal connective tissue MCand (v.e) presence of an inactive MC was indicated
by green arrow. (b) Quantification of positive staining for Toluidine blue throughout the entire section. Graphical values represent mean + SD with n = 9 mice per group.
Normalcy of the collect data was analysed using Shapiro—Wilk test, group difference was analysed by one way ANOVA with Tukey’s multiple comparison as a post hoc test. *P <

0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

MPO and/or PAD4 inhibition marginally alters antioxidant signalling

proteins without affecting colonic lipid peroxidation

Previously published studies have reported redox state dysregulation in both IBD patients and animal
models of experimental colitis [40-42]. Next, we investigated the effect of pharmacological inhibition of
MPO and PAD4 on transcription factors and enzymes that are involved in the antioxidant signalling
pathway. As shown in Figure 6a, DSS supplementation in drinking water did not change the colonic
expression of Nrf2, and administration of PAD4 inhibitor showed a non-significant trend to increase Nrf2
expression compared with the control group (P>0.05). As indicated in Figure 6b, protein expression of
GPx4, a downstream antioxidant enzyme regulated by Nrf-2 transcriptional activation [43], trended to
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Figure 5: The effect of pharmacological inhibition of MPO and/or PAD4 on the number of NETs in DSS-insulted colons.

(a) Representative images of triple-plex immunofluorescence images of colons from different experimental groups were captured from Axio Scope.A1 fluorescence microscope
with a AxioCam-ICm1 camera at 10x magpnification. Scale bar = 100 pum. (b) Number of NETs per total colon area. (¢) Number of NETS per cryptic area in the colon. Statistical
outliers were identified and removed using the ROUT method (Q = 1%) and data normality was tested using the Shapiro—Wilk test. Graphical values represent mean = SD with
n =7 mice per group after outlier removal. Kruskal-Wallis test with Dunn’s multiple comparison as a post hoc were performed for non-parametric data. *P<0.05, **P<0.01,
*¥¥P<0.001 and ****P<0.0001. DSS, dextran sodium sulphate; MPO, myeloperoxidase; NETs, neutrophil extracellular traps; PAD4, peptidyl arginine deaminase IV.

increase in the AZD group, although this was not significantly different to all groups (P>0.05). SOD1 is an
antioxidant enzyme with profuse expression in the gut, in which it modulates intestinal redox homeostasis
under physiological conditions [44]. Despite not reaching statistical significance, Figure 6¢c showed that
DSS insults resulted in a trend to decreased expression of colonic SOD1 (P>0.05).

By contrast, the inhibition of MPO or PAD4 mitigated this trend of reduction in SOD1 expression
in the colon. However, this difference was not statistically significant when compared with mice treated
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Figure 6: The effect of pharmacological inhibition of MPO and/or PAD4 on antioxidant signalling protein expressions and lipid
peroxidation in colon tissue.

Representative western blots bands with densiometric quantification graphs of (a) Nrf2, Nuclear factor erythroid 2-related factor 2. (b) GPx4, glutathione peroxidase 4; ()
S0D1, superoxide dismutase-1; and (d) 4HNE, 4-hydroxynonenal. Relative expression (densiometric value) was quantified as an intensity ratio of protein of interest/-actin.
Graphical values represent mean = SD with n = 9 mice per group. Normalcy of the collect data was analysed using Shapiro—Wilk test, group difference was analysed by one
way ANOVA with Tukey’s multiple comparison for parametric data and Kruskal—Wallis test with Dunn’s multiple comparison test was used for non-parametric data distributions.
MPO, myeloperoxidase; PAD4, peptidyl arginine deaminase IV; SOD, superoxide dismutase.

with DSS alone (P>0.05). In addition to the antioxidant signalling proteins, we investigated the effect of
MPO and/or PAD4 inhibition on lipid peroxidation by using 4HNE as a marker. Group-wise comparison
demonstrated that the difference across all experimental groups was not statistically significant (P>0.05,
Figure 6d). Overall, western blot studies on antioxidant proteins and oxidative stress markers suggest that
MPO and/or PAD4 inhibition had minimal influence on the redox protein expression in the DSS-insulted
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colons. Contrary with previous studies that reported altered redox protein expressions in the model of
DSS-induced experimental colitis, the utilisation of total colon tissue (which encompasses inflamed as well
as non-inflamed areas) as well as acute induction of the disease may account for this negligible change.

PAD4 inhibition reduced total SOD activity in colons but had no effect
on catalase activity

To further explore colonic SOD1 expression in the DSS-supplemented mice (refer to Figure 6¢), total SOD
activity assay was determined in the same colon tissue. As shown in Figure 7a, total SOD activity was
maintained in the colon when compared with the controls, suggesting a potential up-regulation of SOD
enzymatic activities as a compensatory mechanism for the reduction in its expression. However, in the
mice that received PAD4 inhibitor or MPO and PAD4 inhibitors simultaneously, a significantly lower SOD
activity was observed (P=0.0104 and P=0.0168 respectively). A similar trend to lower total SOD activity
was observed in mice supplemented with the MPO inhibitor, albeit this did not reach statistical significance
(P>0.05). These results suggest that NET inhibition by PAD4 (refer to Figure 5) could potentially diminish
total SOD activities in the colitis colons. As SOD catalyses the dismutation of superoxide radicals into
oxygen and hydrogen peroxide [45], total catalase activity was evaluated to understand the colon capacity
to neutralise ROS in response to NETs inhibition by PAD4. Overall, no difference in catalase activity was
observed across all experimental groups (Figure 7b).

MPO and/or PAD4 inhibition has minimal effect on IL-1f3 level in DSS-
stimulated colons

Finally, we investigated the effect of MPO and/or PAD4 inhibition on the change in immunological profiles
by examining the balance of pro-inflammatory (IL-1p) and anti-inflammatory (IL-4 and IL-10) cytokines
in isolated colon. A trend to increased colon IL-1{3 was observed in the mice that were challenged with
DSS. However, this was not statistically significant when compared with the healthy controls (P>0.05).
Contrastingly, treatment with MPO and/or PAD4 inhibitors appeared to diminish the marginal increase

in IL-1p level in the colon (P>0.05. Figure 8a). DSS supplementation has shown to drastically dampen the
anti-inflammatory profiles in the colon tissue. Overall, IL-10 was significantly downregulated (P<0.0001,
Supplementary Figure S6), whilst a substantial decrease in colon IL-4 level was also observed, albeit not
statistically significant when compared with the DSS group (P>0.05, Figure 8b). No difference in colon
IL-4 and IL-10 levels was detected between the DSS and mice co-supplemented with MPO and/or PAD4

(a) (b)

200+ 31

3

M
—
&
g *
2 v . OT: ala v
£ g T fld Y3y
=
. 19 47 S v X
5 1004 ° u Z2
£ = * v
2 * v 3]
- v LY
2 v s 14
< A g
o 504 =
[=] =)
7] Q
0. 0

Control D85  AZD  GSK AZD+GSK Control DSS  AZD  GSK AZD+«GSK

Figure 7: The effect of MPO and/or PAD4 inhibition on antioxidant enzyme activities.

(a) Total superoxide dismutase (SOD) activity. (b) Total catalase activity. Graphical values represent mean = SD with n = 6—9 mice per group after standard curve interpolation.
Normalcy of the collect data was analysed using Shapiro—Wilk test, group difference was analysed by one way ANOVA with Tukey’s multiple comparison as a post hoc test.
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. MPO, myeloperoxidase; PAD4, peptidy! arginine deaminase IV.
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Figure 8: The effect of MPO and/or PAD4 inhibition on inflammatory markers.

(@) Interleukin (IL)-1B. (b) IL-4. Graphical values represent mean + SD with n = 7—-8 mice per group after standard curve interpolation. Normalcy of the collect data was
analysed using Shapiro—Wilk test, group difference was analysed by one way ANOVA with Tukey’s multiple comparison for parametric data and Kruskal—Wallis test with Dunn’s
multiple comparison test was used for non-parametric data. MPO, myeloperoxidase; PAD4, peptidyl arginine deaminase IV.

inhibitors (P>0.05), suggesting that AZD3241 and GSK484 have no effect on IL-4 and IL-10 molecular
pathways.

Discussion

Whilst current evidence supports the notion that excessive neutrophil infiltration and dysregulated
immune responses are linked to IBD disease pathogenesis, the precise mechanism remains unclear. In
the context of UC, the formation of NETs can be considered a process that maintains the DNA-damage
activity by trapping MPO released from neutrophils within the extracellular matrix, effectively prolonging
MPO activity and sustaining inflammation in the colon [26]. Accordingly, elevated NET formation and
parallel enhancement of inflammation have been reported in the colon mucosa of patients with UC [29].
Therefore, the inhibition of extracellular MPO activity and/or decreased NET formation can potentially
represent a therapeutic approach to improve tissue damage observed in the pathogenesis of UC. This
current study was the first to highlight the spatial co-localisation of 3 essential NETosis enzymes: MPO,
NE and citH3 in the colon tissue using multi-plex IF imaging, further reinforcing the involvement of NETs
during the pathogenesis of DSS-induced experimental colitis. As anticipated, DSS insult elevated NET
density in colon tissue, yielding a significant increase in the colonic crypts, indicating that NET formation
occurs primarily in the mucosa layer during acute inflammation in UC. Similarly, Citrobacter rodentium -
a murine pathogen that mimics Escherichia coli infection - has also been shown to elicit NET formation
in specific experimental mouse strains. For instance, Citrobacter rodentium-infected C3H mice display
similarities clinical and histological features similar to those observed in UC. A study by Sanchez-Garrido
et al. demonstrated that a greater number of neutrophils was evident in the lumen of C57 mice, whereas an
extensive accumulation of neutrophils and a marked elevation of NETs and citrullinated histone H3 were
observed in C. rodentium-infected C3H mice, specifically trapped within the colon mucosa and submucosa
[46]. These findings are consistent with our results, where DSS-induced chemical colitis also led to acute
inflammation, elevated faecal CP and triggered NET formation in the colonic mucosa. We also showed
that administration of GSK484 (inhibiting PAD4) at 4 mg/kg administered four times over 9 days (total
drug provided to each mouse ~400 pg) significantly reduced mucosal NETs. Meanwhile, the treatment with
either AZD (MPO inhibitor) or GSK484+AZD trended to decrease mucosal NET formation, although this
was not significantly different to mice stimulated with DSS alone. Despite GSK484 reducing mucosal NET
density, the extent of UC-like experimental colitis remained unchanged as judged by several measures of
colon inflammation, suggesting a local effect without affecting disease pathogenesis.

AZD3241 is a synthetic MPO inhibitor developed by AstraZeneca, in which it completely blocks
MPO-mediated oxidation at 2 uM and elicits minimal effects on the oxidation activities of other

386 © 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Bioscience Reports (2025) 45 375-397 °

https://doi.org/10.1042/BSR20253205 PORTLAND
P 0® rress

peroxidases such as thyroid peroxidases and lactoperoxidases [47]. Despite a compensated dose

being administered, the colon protective activity of AZD3241 (inhibiting extracellular MPO) was not
recapitulated in the current study, evident in the lack of improvement in experimental colitis symptoms
and persistent intestinal inflammation after the mice were co-supplemented with DSS and AZD3241.
This may be attributed to the presence of low-molecular weight contaminants in the newly acquired
compound, interfering with previously reported AZD3241 bioactivity [33]. Despite adjusting the dosage
of AZD3241 to closely match dosing used previously [33], a potential limitation is the low purity of the
compound used in this study, which may restrict the anti-inflammatory action of this inhibitor or elicit
unwanted pro-inflammatory activity in colon tissues from low-molecular weight contaminants. The effect
of AZD3241 on NET formation has been studied in the context of experimental UC. Interestingly, a
markedly lower number of NETs was observed in the mice that received AZD3241 treatment, suggesting
that the MPO inhibitor reduces NETosis via a pathway that is PAD4-independent, possibly via reduced
oxidative stress in the colon mucosa. Indeed, AZD3241 has shown to reduce oxidative stress in the

brain of Parkinsonian patients [48]. This is further supported by the critical roles of ROS in NETosis,
where MPO-derived ROS are documented to stimulate neutrophil elastase translocation to the nucleus via
the MEK-extracellular-signal-regulated kinase (ERK) signalling pathway [49,50]. Nevertheless, additional
research is required to fully understand the effect of inhibiting MPO activity on NETs formation in IBD.

On the other hand, GSK484 is a selective inhibitor against the PAD4 enzyme, and it has been shown
to have negligible off-target activities against a panel of 50 unrelated proteins [51]. Previous reports have
demonstrated that the administration of PAD4 inhibitors like GSK484 at the same dose of our study (4
mg/kg) but delivered daily for one week suppressed NETosis in mice with cancer-associated kidney injury
[52]. Meanwhile, an intraperitoneal injection of GSK484 at a higher concentration (10 mg/kg body weight)
in a murine model of myocardial infarction resulted in profound inhibition of NETosis and significantly
improved clinical parameters with no adverse side effects [53]. These successful experimental interventions
may be due to GSK484 being tested under different dosing regimens (daily administration vs. every
second day in the current study), suggesting that a greater extent of PAD4/NETs inhibition is required
to achieve a threshold level of NETs inhibition and consequently a therapeutic effect. Additionally, the
pharmacokinetics of GSK484 display a low-moderate clearance rate yielding a half-life (T1/2 h) of 3.8 +
1.5 h and blood clearance (CIb) over 19 + 3 ml/min/kg in mice [51,54], showing that daily administration
could be beneficial to achieve optimal pharmacological activity. Nevertheless, the dose tested here was
able to limit NETosis in the colon mucosa, although this focal inhibition failed to ameliorate disease
progression.

It is notable that the therapeutic potential of NETs inhibition by limiting PAD4 activities should be
examined with caution, as the available literature reports conflicting results on the role of NETosis in IBD
development. In the study by Dragoni et al., NETs were identified to be a potential pathological stimulus for
fibroblast activation, and depletion of PAD4 in neutrophils reduced NET formation and limited fibroblast
activation, implying a stimulatory role of PAD4 in mediating fibrogenesis in IBD [55]. In contrast, Leppkes
et al. reported that PAD4-deficient mice were associated with exacerbated DSS-induced colitis and more
severe rectal bleeding, suggesting a vital role for PAD4 and NETs in minimising immuno-thrombosis and
rectal bleeding [56]. These outcomes conflict with the data reporting PAD4 inhibition with a pan-inhibitor
can ameliorate experimental colitis [34, 35]. Together, these findings suggest that the therapeutic potential
of PAD4-dependent NETs inhibition in IBD remains unclear and warrants further investigation. Certainly,
more research is required to unambiguously demonstrate that inhibiting NETosis is an appropriate therapy
for treating IBD and to establish the optimal dosage of PAD4-specific inhibitors such as GSK484 without
generating associated risks like opportunistic infection.

The role of MC is not fully clear in the pathogenesis of IBD. Inflammatory and oxidative stimuli
can act in concert to recruit MC and stimulate neutrophils to perpetuate a continuous cycle of
inflammatory immune cell infiltration and driving the chronicity of the disease [57], particularly in
the colon mucosa. Interestingly, production of the potent MPO-oxidant HOCI chlorinates the primary
amino group of histamine derived from MC to form chloramine-histamines [58], thereby potentially
limiting HOCI-mediated oxidation [59] in the colon mucosa. In this study, mice simulated with DSS insult
showed concomitant increases in NETs and MC in the colon. This result highlights that MC migration/
degranulation occurs in parallel with active recruitment of neutrophils during the pathogenesis of DSS-
mediated colon inflammation, suggesting that MC mediators and downstream histamine-modification by
HOCI could be a potential protective compensatory mechanism to prevent indiscriminate HOCl-mediated
colon damage. This notion is supported by a study in an IL-10-deficient mouse model of IBD, where
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colonic MCs were found to enhance intestinal epithelial barrier function and protect the colon mucosa
[60]. Notably, accompanying a reduction in NETosis in the colon mucosa, treatment with GSK484
simultaneously and significantly reduced the number and degranulation status of MC in the same colon
region, with levels diminished to be similar to controls. This outcome may explain the lack of improvement
in symptoms and biomarkers of experimental colitis in the presence of the PAD4 inhibitor. Therefore,

this current study shows for the first time another potential pathway in the non-allergic regulatory role

of MC, suggesting that GSK484 failed to resolve intestinal inflammation and colitis symptoms, likely due
to the inhibition of MC activation. This is further supported by previous studies that have shown the
immunomodulatory and protective role of MC in attenuating injury and inflammation [61,62].

Furthermore, the close relationship between MC and neutrophils has been recently reported in chronic
allergic inflammation. Interestingly, MC degranulation can reroute neutrophil migration, leading them
to invade MC and initiating a process where neutrophils become trapped by MC and form ‘cell-in-cell
structures, where neutrophils can remain viable up to 48 h post encapsulation inside the MC. This
newly described phenomenon called MC intracellular trap (MIT) by Mihlan et al. [63], which suggests
that MC can prolong neutrophil survival in tissues and may play a relevant role in the inflammatory
process that involves the innate immune response; although it remains to be determined whether the
PAD4 inhibitor (GSK) not only reduced NET formation but also inhibited MC migration and activation,
which in turn affects MIT structures. In contrast, the study by Kurashima et al. demonstrated that MC
activation promotes DSS-induced experimental colitis via P2X7 receptors [64], whilst Okayama et al.
showed that neutrophils promote intestinal inflammation via MC infiltration and activation in a rat
model of indomethacin-induced enteritis [65]. However, these outcomes were observed in a period of
24 hours after inflammation induction. The current study observed a significant increase in MC when
mice were treated with AZD3241, suggesting that neutrophils may potentially activate MC through other
pro-inflammatory cytokines such as IL-18 [66], which has been previously demonstrated to be critical for
MC activation and degranulation in inflamed tissues via IL-18R [17]. Thus, further work is warranted
to elucidate the potential interplay between non-allergic function of MC and neutrophils to achieve a
comprehensive understanding of the interplay between these cell types in the setting of IBD.

Nrf2 governs the transcription of numerous genes involved in the antioxidant defence system to
maintain physiological redox balance. For instance, Nrf2 promotes the expression of thioredoxin and
thioredoxin reductase to facilitate the removal of oxidised thiols and peroxides [67,68] whilst regulating the
expressions of glutamate cysteine ligase and GPx to allow glutathione production and ROS detoxification
[69,70]. However, this redox balance was disrupted in UC, where impaired activities of SOD, GPx and CAT
in UC all contribute to chronic inflammation in the gut [71]. Additionally, oxidative stress is also closely
interrelated with NETs formation, where NADPH oxidase-generated ROS is required for the nuclear
translocation of NE during the process of NETosis [24]. Interestingly, this current study showed that the
administration of AZD3241 and/or GSK484 lowered the total SOD activities in the homogenised colon
tissues, suggesting that reduced colon mucosa NETs formation is associated with lowered ROS detoxifying
power in the gut. However, a major limitation in the current study is the lack of examination on ROS
content, where the levels of HyO, and MPO-derived HOCI were not directly evaluated. As a result, the
link between intestinal NETs reduction and diminished SOD activities in the context of DSS-induced
experimental colitis requires further investigations where the potential synergistic effects of quenching ROS
as well as administration of NETosis-associated enzyme inhibitors should also be explored.

To conclude, the current study highlighted the involvement of NETs in the DSS-induced model of
experimental colitis via multi-plex IF imaging, whilst the administration of AZD3241 (inhibiting MPO)
and GSK484 (inhibiting PAD4) both reduced NET mucosa formation and reduced MC migration and
activation, which are closely related to the pathophysiology of the neutrophil immune response. Overall,
the off-target effects of these drugs yielding changes in MC responses may explain why inhibiting
PAD4 activity and reducing mucosal NETosis failed to improve clinical symptoms nor reduce intestinal
inflammation.

Methods

Animals

All experimental procedures involving mice were conducted within the Laboratory Animal Service (LAS)
facility at the University of Sydney and followed the approved protocol by the University of Sydney Animal
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Ethics Committee (Approval #2019/1496). Male C57BL/6 mice (six weeks of age) were purchased from
Animal Resource Centre (Perth, Australia) and housed in environmentally enriched ventilated cages at the
LAS facility located at the Charles Perkin Centre (CPC) at the University of Sydney, Australia, under a
12-h light-dark cycle at 22°C with standard chow diet and tap water provided ad libitum. All mice were
acclimated for seven days prior to the start of experiments, and each mouse was tail marked for individual
identification.

Drug administration

Molecular grade DSS (molecular weight range: 36-50 kDa) was purchased from MP Biomedicals (CAS#
9011-18-1). Acute experimental colitis was induced with 2% w/v DSS in the drinking water as previously
described by our group [33]. Water consumption was monitored daily, and fresh DSS-water mixture was
replaced every 3 days with the same dosage maintained throughout the duration of the study. The synthetic
MPO inhibitor, AZD3241 (also known as Verdiperstat), was purchased from MedChemExpress (Cat#
HY-17646), whilst PAD4 inhibitor, GSK484, was acquired from a commercial source (Abcam, Sydney
Australia, Cat# ab223598; purity > 98%).

The doses and administration routes for MPO and PAD4 inhibitors were selected based on previously
published studies [33,72], taking into consideration the need to avoid toxic effects and high doses that
could lead to consequences of infections, since MPO activity/NETosis is associated with the bactericidal
action of MPO. A stock solution of GSK484 (25 mg/ml) was prepared in 100% ethanol and stored at —30°C.
Where required, this PAD inhibitor was diluted with sterile saline using an insulin syringe (Thermo) and
administered via i.p. injection to achieve a final dose of 4 mg/kg body weight. Additionally, mice were
trained to accept approximately 0.1 g of peanut butter (PB) via oral intake during their acclimation period
to avoid invasive oral gavage of AZD3241 and hence reduce animal handling-associated stress.

Electrospray mass spectrometry analysis of AZD3241

Recently, the colon protective activity of the MPO inhibitor AZD3241 (obtained as a gift from Pharmaxis
Ltd, Frenchs Forrest, Sydney) was demonstrated in an experimental colitis [33]. Due to a change in
supplier, and to validate the purity of the MPO inhibitor supplied by MedChemExpress, electrospray
ionisation mass spectrometry was conducted on both original and newly sourced AZD3241 using a Q
Exactive HF-X Orbitrap System (Thermo Scientific). Both inhibitors were analysed at 5 pg/mL in 50%
v/v methanol, and the Q Exactive HF-X Tune Software (Thermo Scientific) was used to operate the
orbitrap system in positive ion mode with a HILIC column. Data accumulation parameters were as
follows: scan range: 50.0-750.0 m/z, mass resolution 120,000, spray voltage: 4 kV, capillary temperature:
320°C and Funnel RF level: 50. Both synthetic drugs were diluted 1:200 v/v in HyO: MeOH = 1:1 v/v
(final concentration ~5 pug/mL). Analysis was performed in triplicate and peak intensities were averaged
and compared. The amount of MedChemExpress-supplied AZD3241 administered to the mice was then
normalised through relative comparison to the authentic AZD3241 supplied by Pharmaxis to achieve an
equivalent dose.

Experimental design

The experimental design has been outlined schematically in Figure 9. At seven weeks of age, mice were
randomly allocated into five groups (# = 9 per group) as follows:

1. Control Group: 0.1 g of PB daily + standard chow diet and drinking water ad libitum.

2. DSS Group: 0.1 g of peanut butter daily + standard chow diet and 2% w/v DSS in drinking water ad
libitum.

3. AZD3241 Group: 30 mg/kg body weight in 0.1 g of PB daily + standard chow diet and 2% w/v DSS in
drinking water ad libitum.

4. GSK484 Group: 4 mg/kg injected i.p. every second day +0.1 g of PB daily + standard chow diet and 2%
w/v DSS in drinking water ad libitum.

5. AZD3241+GSK484 Group: 4 mg/kg of GSK484 injected i.p. every second day+30 mg/kg body weight of
AZD3241in 0.1 g of PB daily + standard chow diet and 2% w/v DSS in drinking water ad libitum.
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Figure 9: Overview of the experimental timeline and group allocations.

(i) Control group; (ii) DDS group, dextran sodium sulphate (DSS) at 2% w/v was administered to induce colitis; (iii) AZD group, myeloperoxidase (MPO) inhibitor AZD3241 at 30
mg/kg was provided to mice daily in peanut butter (PB) through the experiment; (iv) GSK group, peptidyl-arginine deiminase IV (PAD4) inhibitor GSK484 at 4 m/kg was injected
viai.p. every second day. (v) AZD+GSK inhibitors group, both treatments were administered following the conditions mentioned above.

Mice were terminated at the loss of 15% of their body weight measured at day 0 or eight days after DSS
induction according to the approved Ethics protocol. At the end of the experiment, blood was collected
via cardiac puncture from mice under full anaesthesia (4% v/v inhaled isoflurane). Subsequently, cervical
dislocation was performed, and colon tissue and faecal material were harvested.

Clinical features and disease activity index

Monitoring progression of experimental colitis throughout the duration of the study was achieved by
evaluating an individual mouse DAI using criteria previously described [33]. To capture gross disease
progression, the average total DAI score for each allocated group was determined at the end of

the experiment. The DAI score involved four clinical markers summarised in Table 1 and took into
consideration stool appearance, the presence of rectal prolapse, grooming and the percentage of weight loss
with scores ranging from 0 to 2. Following organ harvest, the length and colon weight were recorded.

Tissue fixation, embedding and sectioning

Isolated colons were processed initially by overnight fixation in 70% v/v ethanol, followed by embedding

in paraffin wax. Next, colons were sectioned at 5 pm thickness with a rotary microtome (Shandon Finesse
325, Thermo), and sections were then mounted onto Superfrost™ Plus Microscope Slides (Fisher Scientific).
Mounted slides were dried in an oven (60°C, 2 h). After drying, slides were assigned randomly generated
codes to blind the treatment conditions throughout the duration of subsequent staining and image analysis.

Histopathological studies

Where required, slides were dewaxed and rehydrated in xylene (2 x 10 min) and graded alcohols (2 x

2 min 100% ethanol, 2 x 2 min 95% ethanol and 1 x 2 min 70% ethanol) before commencing staining
described below. Histological images were captured by using the Axio Lab.A1 light microscope (ZEISS)
with the Axiocam 105 Color Camera (ZEISS). Two imaging fields per section (6 images per slide) were
generated at 20x magnifications to conduct histology scoring (H&E and Alcian Blue/ Safranin O staining).
Quantitation of MC in Toluidine Blue-stained sections was performed by screening the complete colon
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Table 1: Disease activity index (DAI) scoring criteria.

Clinical markers Score Description
Stool appearance 0 Normal
1 Soft
2 Watery/Presence of blood
% of weight loss 0 <1%
1 1-10%
2 >10%
Rectal prolapse 0 No prolapse
1 Prolapse present
Grooming 0 No hunched posture, bristle fur, or skin lesions

1 Presence of hunched posture, bristle fur and skin lesions

section with representative images captured using 40x and 63x objectives by three different experienced
researchers (K.X, T.O.C, and J.H) unless specified otherwise.

Haematoxylin and eosin staining

Colon histoarchitectural and histopathological changes were assessed using haematoxylin and eosin
(H&E)-stained colon sections. Briefly, colon sections (10 um) were immersed in filtered Harris
Haematoxylin solution for 2 min to visualise the cell nuclei, washed thoroughly with tap water, then
submerged in Scott’s blue solution for 30 s and another 10 s in acid alcohol. Subsequently, the slides
were placed into eosin for 30 s. Next, slides were exposed to 10 s of 95% v/v ethanol and 2 x 10

s of 100% ethanol. After this dehydration step, colon sections were cleared in xylene and mounted

with Dibutylphthalate plasticiser xylene (DPX) mounting medium. The criteria for histoarchitecture
examination included visualisation of crypt inflammation and loss, degree of neutrophil infiltration and
loss of surface epithelium, which were scored manually from 0 to 3, with this scale corresponding to an
absence of the criteria to severe damage (refer to Table 2 for scoring summary).

Alcian Blue with Safranin O staining

Alcian Blue and Safranin O stains were used to examine the presence of mucin secreted from goblet
cells in the colon mucosa. Briefly, slides were immersed in 0.1% w/v Alcian Blue pH 2.5 solution for 30
min before rinsing with distilled water for 5 min. Then, slides were counterstained in 0.1% w/v acetic
Safranin O solution for 10 min, followed by another 5 min of distilled water wash to visualise the colon
epithelial histoarchitecture. Then, the slides were air-dried completely under a fume cupboard for 4 h
before immersing in xylene for 2 x 10 min and coverslipped with DPX medium. The staining intensity
of Alcian blue was quantified by two different researchers (K.X and T.O.C) using the ‘Color Threshold’
function in the Image] software (v.1.54d, National Institute of Health, U.S.A.).

Toluidine Blue staining

Toluidine Blue staining was utilised to determine the presence of resident MC due to their metachromatic
properties after staining. The staining procedure was modified from a previously published protocol [13].
Briefly, colon sections were stained with Toluidine Blue working solution (0.5% w/v Toluidine Blue and 1%
v/v glacial acetic acid in distilled water) for 90 s. Next, the slides were immersed in visualising solution (5%
w/v ammonium molybdate in distilled water) for 5 min to minimise dye removal, rinsed with tap water for
5 min then rapidly dehydrated through graded alcohols (1 x 1 min in 90%, 95% and 100% v/v ethanol with
gentle agitation). After 2 x 5 min of clearing with xylene, stained sections were then coverslipped with DPX
mounting medium. Since matured MCs often reside in lamina propria, submucosa, smooth muscle or near
blood vessels of the gastrointestinal tract [73], the current study focused on the transient MC populations
restricted to connective tissue. Furthermore, mucosa and brush border MC staining were excluded due

to the non-specific metachromasia of the Toluidine blue dye that interacts with mucin-derived sulphated
glycoproteins in this region.
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Table 2: Haematoxylin and eosin (H&E) histoarchitectural evaluation criteria.

Score 0 1 2 3 4
Pathologies

(rypt loss Intact crypts Disoriented crypts Variable crypt diameter Atrophied crypts Mucosa devoid of crypts

Neutrophil infiltration ~ No infiltration Mucosal/lamina propria Mucosal and submucosal Moderate cryptitis/infiltration to  Severe cryptitis
infiltration infiltration aypts

Loss of surface epithelium Intact surface epithelium  Sloughing off epithelial surface  Patchy loss of surface epithelium Moderate loss of surface Severe loss/erosion of surface
epithelium epithelium

IF staining: three-plex immuno-labelling and fluorescent imaging and
analysis

The presence and density of NETs in colon tissue was visualised by using the Opal 6-Plex Detection Kit
(NEL811001KT; AKOYA Biosciences) and simultaneously identifying MPO, CitH3 and NE in the same
colon tissues using a multiplex imaging approach. All staining steps were completed at 22°C in an opaque
humidity chamber unless specified otherwise and following the manufacturer recommended protocol.
After slide dewaxing and rehydrating, heat-induced epitope retrieval (HIER) was performed by placing
the slides into an opaque Coplin jar with pH 6.0 citrate HIER buffer (52369, DAKO) to expose the NETs
antigens: MPO, NE and citH3. The device settings used for the HIER process and final dilutions were
summarised in Supplementary Table S1. After HIER processing, slides were washed three times with
tris-buffer saline (TBS) with 0.1% v/v Tween 20 (TBST) and one time with PBS to fully remove the HIER
buffer. This was followed by incubation with 5% v/v H,O; for 30 min to inhibit endogenous peroxidase
activity and blocking with serum-free protein (X0909, DAKO) for 30 min to reduce non-specific antibody
binding.

Next, slides were incubated with anti-NE primary antibody in antibody dilution buffer [1% w/v
bovine serum albumin (BSA) and 0.5% v/v Triton-X100 in TBST) at 4°C overnight. The following
day, primary antibodies were removed by washing with 3 x 2 min TBST and 1 x 2 min PBS before
incubating with Opal Polymer HRP Ms + Rb secondary antibodies for 45 min. Subsequently, colonic
sections were incubated with Opal fluorophore (Opal 520) for 10 min in the dark. The HIER, primary
antibody, secondary antibody and fluorophore incubation process was then repeated sequentially using
anti-MPO and anti-citH3 antibodies with their respective fluorophores. Finally, triple-labelled colon slides
were stained with 4',6-diamidino-2-phenylindole (DAPI) to visualise cell nuclei and coverslipped with
fluorescence mounting medium (S3023, DAKO). IF images were captured using an upright microscope
(Axio Scope.Al, ZEISS) equipped with an AxioCam-ICm1 camera (ZEISS) at 10x objective. The imaging
settings for different antibodies and their corresponding fluorophores are summarised in Supplementary
Table S2.

The IF staining intensity of each NETs marker (MPO, NE and citH3) was analysed using the Image]
Software (v.1.54d, National Institute of Health, U.S.A.). Briefly, multi-plex IF images were converted and
channel separated using the Bio-Formats Plugin (v.7.3.0). Next, areas of the colon tissue as well as their
corresponding cryptic areas were selected using the Freehand Selections tool in the ROI Manager. After
area selection, staining intensity of each marker was then measured using the Multi Measure function in
the ROI Manager tool (see Appendix S1 in Supplementary information). Overlap of the three immune
markers, to identify NET density, was measured using Image] software (v.1.54d, National Institute of
Health, U.S.A.) with the Trainable Weka Segmentation Plugin (v.3.3.4). To summarise, three representative
images (with heavy, medium and light/no IF) were used to ‘train’ the AI plugin to accurately identify
the presence of NETs. After verifying selectivity, the NETS selection criteria were applied to all images,
and isolated NETs from each image file were identified in a new greyscale 8-bit image. The area of colon/
crypts was highlighted using the Freehand Selections tool and stored in ROI manager, and the number
of NETs was then determined using the Analyze Particles function (see Appendix S2 in Supplementary
information).
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Tissue homogenisation for molecular and biochemical analysis

Isolated colon and faecal samples were homogenised to enable further molecular and biochemical analysis.
Briefly, colon tissues or stool samples were snap frozen in liquid nitrogen then grounded into a fine powder
with a mortar and pestle before resuspending with complete lysis buffer [50 mM phosphate buffer saline
pH 7.4, 1 mM ethylenediaminetetraacetic acid, 10 uM butylated hydroxytoluene, 0.05 mM sodium azide,
one tablet of cOmplete™ Protease Inhibitor Cocktail (Roche) and one tablet of PhosSTOP™ Phosphatase
Inhibitor Cocktail (Roche)] in a 5 ml Teflon-coated tube (Wheaton Glassware). Next, the gross suspension
was homogenised with a rotating piston matched to the Teflon-coated tube at 600 r.p.m. for 5 min whilst
submerging in an ice bath, before centrifugation at 15,000x g for 15 min at 4°C. Clarified supernatants were
collected, stored at —80°C and total protein concentration was determined using the Pierce™ bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Scientific) by following the manufacturer recommended protocol.

Western blot assay

Western blot was used to visualise separated proteins in homogenised colon tissues using Precision Plus
Protein™ Kaleidoscope™ (1610375, BioRad) ladder for molecular weight determination. Where required, 20
ug protein homogenised sample (except for 4-hydroxynonenal [4HNE], a marker of lipid oxidation that
used 30 pg protein) was mixed with sodium dodecyl sulfate (SDS)-loading buffer (final concentration: 50
mM Tris-HCI pH 6.8, 2% w/v SDS, 6% v/v glycerol and 0.004% w/v bromophenol blue) and heat reduced
at 95°C for 5 min. After heating, samples were resolved on 12% w/v Mini-PROTEAN" hand-cast gels
(BioRad) in running buffer (containing: 25 mM Tris pH 8.3, 192 mM glycine and 0.1% w/v SDS) at 35 mA
for 45 min using the Mini-PROTEAN' chamber (BioRad).

Gels were then transferred onto 0.2 um polyvinylidene fluoride (PVDF) membranes in transfer buffer
(25 mM Tris pH 8.3, 192 mM glycine and 20% v/v methanol) using the Trans-Blot Turbo System
(BioRad). After protein transfer, PVDF membranes were blocked with 5% w/v skim milk/TBST (1 h,
22°C) to minimise non-specific antibody binding. This is followed by the incubation with primary antibody
anti-Nrf2, anti-GPx4, anti-SOD1 and anti-4HNE in antibody diluent buffer (5% w/v BSA, 0.05% w/v
sodium azide in TBS) at 4°C overnight. Anti-f actin visualisation of total p actin was used as a loading
control. Subsequently, PVDF membranes were incubated with HRP-conjugated secondary antibodies
[anti-rabbit HRP or anti-mouse HRP in 5% w/v skim milk in TBST for 2 h at 22°C (see Supplementary
Table S3 for all antibodies dilutions). Protein bands of interest were visualised with Clarity™ Western ECL
Substrate (1705060, BioRad) for 5 min at 22°C in the dark after the membrane was washed 3 x 5 min with
TBST and 1 x 5 min with TBS and images were captured using the ChemiDoc™ Touch Gel/Membrane
Imaging System (BioRad). The densiometric intensity of the protein bands was analysed and normalised
using the Image Lab software (v6.1, BioRad).

Enzyme linked immunosorbent assays and enzymatic activity assays

The following commercially available enzyme linked immunosorbent assay (ELISA) were purchased:
Mouse IL-1p, IL-4, IL-10 and Calprotectin SimpleStep ELISA kit. Colorimetric enzymatic activity assay kits
for colorimetric Activity Kit and SOD Activity Assay Kit were also obtained. The recommended protocols
for manufacture were followed and clarified Colon or faecal homogenates were diluted with Mili-Q water
to fit absorbance changes within the standard curve. The colorimetric absorbance of each sample was
collected by using a microplate reader (Infinite M200-Pro, Tecan) (see Supplementary Table S3 for all
sample dilution and microplate reader settings).

Statistical analysis

All data collected in the current study were made available publicly via Mendely Data repository [74]

and were subjected to heterogeneity (parametric) testing prior to group-wise comparison using GraphPad’
Prism software (v.10.1.0, La Jolla, U.S.A.). To minimise machine-introduced errors during the triple-plex
IF analysis, statistical outliers were identified using the ROUT Method (Q = 1%) before normalcy testing
and pair-wise comparisons were conducted. The heterogeneity and normality of the collected data were
examined using the Shapiro-Wilk test with alpha («) error = 0.05. For parametric data sets, one-way
analysis of variance (ANOVA) test with Tukey’s multiple comparison as a post hoc analysis was conducted.
The Kruskal-Wallis test with Dunn’s multiple comparison post hoc was used to identify any statistical
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differences between the treatment groups for non-parametrically distributed data sets. The statistical
significance threshold between treatment groups was set as P<0.05, and all graphical data were represented
as means * standard deviation (SD).
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Supplementary Tables & Figures

Heat Induction

Final dilution

Cat. number/

Antigen Device Retrieval Settings (v/v) Supplier
Pre-heat at 80°C for 30sec and
. . . o
MPO Dec!oaklng Cha'mber heat induced retrieval at }25 C 1:100 PA5-16672/
(Biocare Medical) for 30sec; followed by cooling fan Invitrogen
on at 95°C and fan off at 90°C. &
. . 1100W for 2min followed by ) PA5-115648/
NE Microwave (Midea) 220W for 20min. 1:500 Invitrogen
. . . 1100W for 2min followed by ) ab219407/
CitH3 Microwave (Midea) 220W for 20min. 1:200 abcam

Supplementary Table 1. Devices and settings used for heat-induced antigen retrieval for
Immunofluorescence analysis. MPO, Myeloperoxidase; NE, Neutrophil Elastase; CitH3,

Citrullinated Histone H3.
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ZEISS Camera

Beam

Excitation/Emission

Antigen Opal Fluorophore Filter Set Splitter Wavelength
MPO Opal 570 Filter set 43 FT570 550/570nm
NE Opal 520 Filter set 44 FT500 494/525nm
CitH3 Opal 690 Filter set 50 FT660 676/694nm
- DAPI Filter set 49 FT395 358/461nm

Supplementary Table 2. Imaging settings for neutrophil extracellular trap markers for
immunofluorescence analysis. MPO, Myeloperoxidase; NE, Neutrophil Elastase; CitH3,
Citrullinated Histone H3; DAPI, 4',6-diamidino-2-phenylindole.
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Protein Optimised Dilution Cat. number/ Wavelength
analysis (v/v) Supplier (nm)
Nrf2 1:2000 PA5-88084, Invitrogen
GPx4 1:1000 ab125066, abcam
SOD1 1:2000 SAB5200083, Sigma Aldrich
Antigen 4HNE 1:800 BS-6313R, Bioss )
B actin 1:10000 4967S, Cell Signaling
Technology
Rabbit HRP 1:2000 A6154, Sigma Aldrich
Mouse HRP 1:2000 ab205719, abcam
IL-1B ELISA 1:50 BMS6002, Invitrogen 450
IL-4 ELISA 1:20 BMS613, Invitrogen 450
IL-10 ELISA 1:100 BMS614, Invitrogen 450
Calprotectin (Stool) 1:20 ab263885, Abcam 450
Kits ELISA
Ca'prot:lt;;(cc"on) 1:100 ab263885, Abcam 450
CAT Activity 1:4 EIACATC, Invitrogen 560
SOD Activity No Dilution ab65354, Abcam 450
Performed

Supplementary Table 3. Sample dilution factor used for different Western blot analysis,
enzyme linked immunosorbent assay (ELISA) and enzymatic activity assay kits. Nrf2, anti-
nuclear factor erythroid 2-related factor 2; GPx4, Glutathione peroxidase 4; SOD1, Superoxide
dismutase-1; HRP, Horseradish peroxidase; IL, Interleukin; CAT, Catalase; SOD, Superoxide
Dismutase.
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Supplementary Figure 1. Electrospray mass spectrometry of AZD3241 showed impurities in
the inhibitor supplied by MedChemExpress. (a) Representative abundance peaks of AZD3241
from MedChemExpress at 5 pg/mLin 50% v/v methanol. (b) Representative abundance peaks
of AZD3241 from Pharmaxis at 5 ug/mL in 50% v/v methanol. (c) Representative abundance
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Supplementary Figure 2. The effect of MPO and/or PAD4 inhibition on faecal haemoglobin
level. Graphical values represent mean + SD with n = 9 mice per group. Protocol for faecal
haemoglobin assay is described in Appendix 3. Normalcy of the collect data was analysed
using Shapiro-Wilk test, group-wise comparison was performed by using one way ANOVA
with Tukey’s multiple comparison as a post hoc test. * p <0.05, ** p <0.01, *** p <0.001 and
**%* p <0.0001.
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Supplementary Figure 3. The effect of MPO and/or PAD4 inhibition on colon inflammatory
markers. (a) Colon calprotectin. (b) FCP, Faecal Calprotectin Stool calprotectin. Graphical
values represent mean + SD with n = 4-9 mice per group after standard curve interpolation.
Normalcy of the collect data was analysed using Shapiro-Wilk test, group difference was
analysed by one way ANOVA with Tukey’s multiple comparison for parametric data and
Kruskal-Wallis test with Dunn’s multiple comparison test was used for non-parametric data.
*p<0.05 **p<0.01, *** p<0.001 and **** p < 0.0001.
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Supplementary Figure 4. Immunofluorescence staining intensity of MPO, NE and citH3 in
mouse colons with/without DSS insults. (a) Total MPO staining intensity in the colon. (b) MPO
staining intensity in the cryptic region only. (c). Total NE staining intensity in the colon. (d). NE
staining intensity in the cryptic region only. (e) Total citH3 staining intensity in the colon. (f)
citH3 staining intensity in the cryptic region only. Graphical values represent mean + SD with
n =7 mice per group. Statistical outliers were identified and removed using the ROUT method
(Q = 1%) and data normality was tested using the Shapiro-Wilk test. Group-wise comparison
was performed by using one way ANOVA with Tukey’s multiple comparison as a post hoc test.
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Supplementary Figure 5. The effect of MPO and/or PAD4 inhibition on colon IL-10 levels.
Graphical values represent mean + SD with n = 7-9 mice per group after standard curve
interpolation. Normalcy of the collect data was analysed using Shapiro-Wilk test, group
difference was analysed by one way ANOVA with Tukey’s multiple comparison. * p < 0.05, **
p <0.01, *** p<0.001 and **** p <0.0001.
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Supplementary Information

Appendix 1. Macro code for NETSs staining intensity analysis.

dirl=getDirectory("");

list=getFileList(dirl);

setBatchMode("show");

for (i=0; i<list.length; i++) {showProgress(i+1, list.length);
open(dirl+list[i]);

fileName = getinfo("image.filename");
selectWindow(fileName + " - C=0");
selectWindow(fileName + " - C=1");
selectWindow(fileName + " - C=2");
selectWindow(fileName + " - C=3");

run("ROI Manager...");

//setTool("freehand");

selectWindow(fileName + " - C=0");
waitForUser("Select Total Colon Area Now");
roiManager("Add");

roiManager("Select", 0);

roiManager("Rename", "Total");

waitForUser("Select Crypts Area Now");
roiManager("Add");

roiManager("Select", 1);

roiManager("Rename", "Crypts");

run("Tile");

selectWindow(fileName + " - C=1");

roiManager("Show All");

selectWindow(fileName + " - C=2");

roiManager("Show All");

selectWindow(fileName + " - C=3");

roiManager("Show All");

roiManager("Deselect");

selectWindow(fileName + " - C=1");
roiManager("multi-measure measure_all one append");
selectWindow(fileName + " - C=2");
roiManager("multi-measure measure_all one append");
selectWindow(fileName + " - C=3");
roiManager("multi-measure measure_all one append");
selectWindow(fileName + " - C=0");

close();
selectWindow(fileName + " - C=1");
close();
selectWindow(fileName + " - C=2");
close();

selectWindow(fileName + " - C=3");
roiManager("Select", 0);
roiManager("Delete");
roiManager("Select", 0);
roiManager("Delete");

close();}
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Appendix 2. Macro code used for NETs counting analysis.
dirl=getDirectory("");

listl=getFileList(dirl);

dir2=getDirectory("");

list2=getFileList(dir2);
setBatchMode("show");

for (i=0; i<list1.length; i++) {showProgress(i+1, list1.length);
for (i=0; i<list2.length; i++) {showProgress(i+1, list2.length);
open(dirl+list1[i]);

fileName1l = getInfo("image.filename");
open(dir2+list2[i]);

fileName2 = getInfo("image.filename");
selectWindow(fileName2);
setAutoThreshold("Default no-reset");
//run("Threshold...");

setThreshold(0, 0, "raw");

//setThreshold(0, 0);
setOption("BlackBackground", true);
run("Convert to Mask");
selectWindow(fileName1l);
//setTool("freehand");

run("ROI Manager...");

waitForUser("Select Total Colon Area Now");
roiManager("Add");

roiManager("Select", 0);
roiManager("Rename", "Total");
waitForUser("Select Crypts Area Now");
roiManager("Add");

roiManager("Select", 1);
roiManager("Rename", "Crypts");
selectWindow(fileName2);
roiManager("Select", 0);

run("Analyze Particles...", "summarize");
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wait(3000);
roiManager("Show None");
roiManager("Select", 1);
run("Analyze Particles...", "
wait(3000);
roiManager("Select", 0);
roiManager("Delete");
roiManager("Select", 0);
roiManager("Delete");
selectWindow(fileName1l);
close();

selectWindow(fileName2);

close();}

summarize");
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Appendix 3. Protocol for faecal haemoglobin analysis.

The level of haemoglobin in the stool homogenates was analysed using a colorimetric assay
that was previously published by our group (See Fecal HB and Calprotectin Analysis in the
METHODS section of Ref?). Briefly, 200 uL of thawed stool homogenates were loaded onto a
96-well assay plate in duplicates (Greiner Bio-One). The absorbance reading of each sample
was measured at 402 nm with a microplate reader (Infinite M200-Pro, Tecan) and quantified
against the Soret peak for Hb of 410 nm? taking into account the dilution factor for the stool
sample.
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Appendix 4. Full membrane images of Nrf2 Western blotting.
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Appendix 5. Full membrane images of GPx4 Western blotting.
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Appendix 6. Full membrane images of SOD1 Western blotting.
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Appendix 7. Full membrane images of 4HNE Western blotting.
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Abstract

Inflammatory bowel disease (IBD) is characterised by chronic gastrointestinal inflammation.
The aetiology of IBD is unknown however, inflammation and altered gut microbiome
composition are implicated in IBD pathogenesis. Short-chain-fatty acids (SCFAs) are microbial
fermentation products of dietary-fibre, and their involvement in IBD remains unclear. Thus,
characterising SCFA profiles in patients with active IBD vs remission remains a knowledge gap
in human pathophysiology. Herein, stool and corresponding plasma (where possible) were
collected from 42 IBD patients, 12 colonoscopy controls (participants underwent colonoscopy
for reasons other than IBD) and 7 healthy controls (relative or household contact of recruited
IBD subjects). Characterisation of SCFA profiles in stool samples was performed. Associations
between SCFA levels, IBD disease severity and inflammatory biomarkers were also assessed.
SCFAs were extracted from stool homogenates (30 mg) with 0.05% v/v orthophosphoric
acid/water, analysed using liquid chromatography tandem mass spectrometry and quantified
using SciexOS-Analytics software. Validation experiments were performed on stool/plasma
samples using enzyme linked immunosorbent assays (ELISA) for several inflammatory
markers. The level of SCFAs were markedly decreased in IBD patients. Notably, decreases in
acetate, propionate and butyrate concentrations were associated with increasing disease
severity as judged by endoscopic score. As anticipated, stool level of pro-inflammatory
interleukins (IL) IL-1B/IL-6 significantly increased and IL-10 decreased with increasing disease
severity. Similar systemic changes for IL-6 and IL-10 in plasma was also observed. Decreased
levels of acetate, propionate and butyrate were inversely associated with increasing IBD
severity, suggesting that maintaining physiological levels of these SCFAs may be associated
with maintaining disease remission.

Keywords: Inflammatory bowel disease, ulcerative colitis, Crohn’s disease, short chain fatty
acid, microbiota
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Abbreviation used in this paper

5-ASA: 5-aminosalicylate

ANOVA: one-way analysis of variance

CD: Crohn’s disease

DSS: Dextran sodium sulfate

EDTA: ethylenediaminetetraacetic acid

ELISA: Enzyme-linked immunosorbent assay

FA: Formic acid

GIT: Gastrointestinal tract

GPR: G-protein coupled receptor

IBD: Inflammatory bowel disease

IL: Interleukin

LC-MS/MS: liquid chromatography tandem mass spectrometry
NF-kB: Nuclear factor kappa B

SCFA: Short chain fatty acid

SES-CD: Simple Endoscopic Score for Crohn’s Disease
STAT3: Signal transducer and activator of transcription 3
TNF: Tumour necrosis factor

UC: Ulcerative colitis

UCEIS: Endoscopic Index of Severity for Ulcerative Colitis

WSLHD: Western Sydney Local Health District
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4.1 Introduction

Inflammatory bowel disease (IBD) is a group of chronic disorders characterised by excessive
inflammation of the gastrointestinal tract (GIT)!. The two main forms of IBD are ulcerative
colitis (UC) and Crohn’s disease (CD). Patients with UC exhibit epithelial ulcerations that
impact the rectum and extends proximally to involve contiguous lengths of the colon?. In
contrast, CD patients exhibit patchy distribution of transmural lesions affecting any part of
the GIT3. Symptoms of IBD include abdominal pain, diarrhea, rectal bleeding, weight loss?,
and damage to affected bowel accumulates over time>.

The aetiology of IBD is believed to be multifactorial. An involvement of environmental stimuli,
diet®” and altered gut microbiome®?® have been long postulated in the pathogenesis of IBD.
The healthy gut microbiome consists of a balanced community of archaea, bacteria,
bacteriophage, fungi and viruses'®. These microorganisms work in a symbiotic relationship to
maintain the intestinal homeostasis and regulate the immune responses in the gut®. The
diversity of bacterial species in the healthy gut varies across individuals!, and it has been
shown that dietary choices influence the abundance of several phyla of bacteria. For example,
increased abundance of Bacteroides is associated with a typical “Western” high-fat, high-
protein diet!2. On the other hand, enrichment of Prevotella and Faecalibacterium are evident
with high-carbohydrate? and high-fibre diets!3, respectively.

Reports of gut bacterial dysbiosis in IBD are commonly characterised by reduced abundance
of anaerobic microbes such as Bacteroides, Eubacterium and Lactobacillus'* and elevated
abundance of species Campylobacter, Plesiomonas and Escherichia coli*>. Additionally, this
microbiome perturbation has been linked with exacerbated gut inflammation!®!’ and
aberrant expression of proinflammatory cytokines such as interleukin (IL)-1p82°, |L-61%21.22
and tumour necrosis factor (TNF)-a2%?2, and the anti-inflammatory cytokine 1L-10%%2 in
various experimental models of IBD. Overall, the altered bacteriome creates a pro-
inflammatory environment in the gut which drives the pathogenesis of IBD.

Bacteria consume/ferment undigested dietary fibres to produce short chain fatty acids
(SCFAs) mainly acetate, propionate and butyrate?3. These volatile metabolites predominantly
butyrate, serve as an energy source for colon enterocytes?»?>, play a role in maintaining
gastrointestinal homeostasis and exert an anti-inflammatory effect on the gut via a myriad of
intracellular and extracellular processes®®. Given the association between SCFAs and gut
microbiome, the levels of SCFAs in IBD can potentially influence pathogenesis and disease
progression. Accordingly, altered levels of SCFA were documented in IBD patients initially in
the 1980s. In 1982, Roediger et al. reported higher level of faecal butyrate in active UC
patients?’. Similarly, van Nuenen et al. found elevated total SCFAs in stool from UC and CD
patients®®, suggesting that SCFA utilisation by the colonic mucosa may be impaired in IBD.
However, these findings contradicted a more recent study by Machiels et al., which
demonstrated reduced levels of acetate, propionate and butyrate in the stool of IBD
patients?®. Additionally, the study by Takaishi et al. also reported significantly diminished
faecal propionate and butyrate levels in UC and CD patients3’, highlighting the need for
further research to establish a consensus on SCFA levels in IBD patients and determine a
correlation between SCFA levels and severity of inflammation. Despite numerous studies
examining SCFA levels in IBD patients, there has been no investigation into the temporal
changes in SCFA profiles across the spectrum of IBD severities in both UC and CD.
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Available  treatments such as  corticosteroids, 5-aminosalicylates  (5-ASA),
immunomodulators, biologic agents [e.g., anti-TNF drugs], advanced small molecule
therapies and in some severe cases, surgical removal of the affected bowel3?, all aim to induce
and maintain remission. None of these therapeutic options offer a definitive cure and
commonly have serious adverse reactions. Additionally, ~40% primary non-response rate has
been reported in patients prescribed anti-TNF treatments, with an additional 23-26%
secondary loss of response observed 1 year post treatment32. Thus, alternate treatment
options for IBD patients are required. Investigating the correlation between SCFA levels and
IBD disease severity may offer crucial insights into novel therapeutic strategies. In the present
work, the levels of faecal SCFA acetate, propionate, butyrate and propionate were examined
in UC and CD patients with varying disease activity. In addition, common inflammatory
cytokines IL-1B, IL-6 and IL-10 from the stool and plasma samples of the same patient cohort
were analysed to evaluate the relationship between these biomarkers, levels of faecal SCFA
and endoscopic disease activity.
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4.2 Materials & Methods
4.2.1 Ethics & Patient Recruitment

All procedures in the current study have strictly adhered to the Declaration of Helsinki ethical
principles regarding human experimentation and the study was approved by the Western
Sydney Local Health District (WSLHD) ethics committee (approval 2021/PID#03593). Informed
consent was obtained from each participant before study enrolment. Between September
2022 and April 2024, healthy individuals (colonoscopy controls) and patients with IBD
diagnosis who underwent colonoscopy at metropolitan hospitals including Westmead
Hospital, Blacktown Hospital or Norwest Private Hospital in the WSLHD of Sydney, Australia
were recruited for the current study. Relatives and/or household contacts of IBD participants
were also approached to provide a stool sample (assigned as healthy controls without
colonoscopy). Patients that did not consent to sample and/or medical history collection or
were diagnosed with tumours at time of colonoscopy were excluded.

4.2.2 Sample Collection

Samples of stool (collected in a commercial specimen collection jar) and blood [in silica blood
collection tube] were obtained at the metropolitan hospitals identified here and transferred
to the Charles Perkins Centre for laboratory workup within 24 h of collection. Upon arrival to
the laboratory, stool samples were transferred into a -80 °C freezer until required. Blood
samples were centrifuged (1500x g, 4 °C, 15 min) and plasma was isolated and stored at -80
degrees until required. Deidentified electronic patient information such as ethnicity, age, IBD
diagnosis, comorbidity, prescription and medical history were stored in accordance with the
Australian National Health and Medical Research Council (NHMRC) guidelines.

4.2.3 Disease Severity & Endoscopic Activity Classification

Physical examinations and colonoscopy were conducted at three sites and the attending
gastroenterologist (M.G, V. K, or N. M) evaluated the extent of gastrointestinal inflammation
and the degree of colon lesion using the Endoscopic Index of Severity for Ulcerative Colitis
(UCEIS) and Simple Endoscopic Score for Crohn’s Disease (SES-CD) for UC and CD diagnosed
patients respectively. In the current study, the UCEIS and SES-CD scores were compiled and
categorised according to IBD stage including remission, mild, moderate and severe (see Table
4.1 for detailed classification criteria).
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Table 4.1. Summary table of endoscopic classification.!
Endoscopic Features UCEIS Score  SES-CD Score Classification

No visible bleeding, erosion and/or

. <1 <2 Remission
ulceration

Presence of erythema, patchy obliteration
of vascular pattern, mild friability, mild 2-4 3-6 Mild
erosion and/or ulceration

Marked erythema, obliterated vascular
pattern, friability and presence of erosion 5-6 7-5 Moderate
and/or ulceration

Spontaneous bleeding and marked

. . 7-8 >15 Severe
presence of erosion and/or ulceration

1 The extent of gastrointestinal inflammation and the degree of colon lesion was evaluated
during the colonoscopy/endoscopy examination by the attending gastroenterologist. The
Endoscopic Index of Severity for Ulcerative Colitis (UCEIS) was used to grade patients with
ulcerative colitis whilst Crohn’s disease patients were graded using the Simple Endoscopic
Score for Crohn’s disease (SES-CD) index. Both evaluations employed endoscopic features
of presence of vascular patterns, degree of intestinal bleeding, and extent of epithelial
erosion and ulceration of the gastrointestinal tract. Next, the UCEIS and SES-CD scores were
combined for each individual and subsequently re-classified as remission, mild, moderate
and severe IBD for correlation examinations according to the grading ranges indicated in
the table.

4.2.4 Faecal Short Chain Fatty Acid Extraction

All chemicals and reagents used in the study were acquired with the highest standards/quality
available (see Supplementary Table 1 for listed reagents). When required, frozen stool was
placed in a biosafety cabinet then sampled from 3 different locations on the bulk sample using
a sharp scalpel to shave thin sections. A combined 25-35 mg of stool from each subject was
then transferred into 1.5 mL Eppendorf tubes and faecal SCFAs were extracted by adding 400
uL of 0.5% v/v orthophosphoric acid/water solution containing isotopically labelled standards
(comprised of 5 mM acetate ds, 0.5 mM propionate 3C, 0.5 mM butyrate '3C and 0.5 mM
hexanoate ds3). Next, the mixtures were homogenised by vortexing at maximum speed for 1
min, followed by cooling on ice for 30 s and vortexing again (1 min). After homogenisation,
samples were centrifuged twice (21300x g, 4 °C, 30 min) to remove any solids or colloidal
material from the supernatants. Clarified supernatants were then transferred into
chromatographic insert glass vials and stored at -30 °C until required for mass analysis as
detailed below. All processed samples were analysed within 4 days of the extraction
procedure to minimise the potential loss of volatile SCFA.

4.2.5 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

Prior to performing the liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis, native standards of acetate, propionate, butyrate, valerate and hexanoate were
prepared in 0.1% v/v formic acid (FA)/water at final concentrations of 1000, 100, 10, 1, 0.5,
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0.25 and 0.1 uM. The SCFAs in each sample were detected using the QTRAP 6500+ high-
throughput mass spectrometer (SCIEX) with the following parameters gas 1 at 15psi, gas 2 at
30 psi and curtain gas at 35 psi, at a voltage of 3500 V. Buffer flow rate was 0.2 mL/minute
for both aqueous mobile phase A (0.1% v/v FA/water) and organic mobile phase B (0.1% v/v
FA/methanol). To ensure data quality and to monitor machine performance, 5 pL of quality
control samples (a mixture of all analysing samples) were injected after every 20 sample
injections (5 pL) by the autosampler followed by a washout (5 min) cycle between each
sample injection to eliminate the risk of cross-over contamination.

4.2.6 LC-MS/MS Data Processing

After LC-MS/MS data acquisition, peak identification and peak areal integration was
performed by two independent researchers (K.X and S.A.D) using the available SciexOS
Analytic Software (v.3.1.6.44, SCIEX) to determine the relative amount of SCFA within the
individual faecal samples. Any discrepancies in peak assignment and areal integration were
resolved through discussion and three other researchers (T.0.C, X.S.W and P.K.W) were
consulted when consensus was not reached. Integrated areal data was then exported to
Microsoft Excel and standard curves of each SCFA were constructed in accordance with the
concentration of the authentic native standards. The relative amount of SCFAs within the
faecal samples were then interpolated and normalised to isotopically labelled standards and
wet stool weight.

4.2.7 Preparation of Stool Homogenates for ELISA

Where required, 25-35 mg of stool were thawed, and 5% w/v stool/homogenising solution
(0.01% v/v DNAse in distilled water) was added to each sample. Next, the treated samples
were homogenised vigorously by vortex 2x 1 min + intermittent 1 min chill on ice. After
homogenisation, samples were then centrifuged at 18,800x g at 4 °C for 20 min and clarified
supernatants were collected and stored at -80 °C until required for ELISA (as described below).

4.2.8 Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assays (ELISA) of inflammatory cytokine IL-1B, IL-6 and IL-10
were performed to validate the extent of GIT inflammation and confirm the evaluation of the
IBD disease severity for each subject. Commercially available ELISA kits for inflammatory
cytokine (Human IL-1B ELISA Kit, cat no. BMS224-2 and Human IL-6 ELISA Kit, cat no.EH2IL6)
and for anti-inflammatory cytokine (Human IL-10 ELISA kit, cat no. BMS215-2) were
purchased from Invitrogen and recommended protocols were followed. Briefly, neat or Mili-
Q water diluted clarified stool homogenate and plasma were loaded onto antibody-coated
96-well plates, and colorimetric absorbances were determined at 450 nm using a microplate
reader (Infinite M200-Pro, Tecan).

4.2.9 Statistical Analysis

In the current study, Shapiro-Wilk test with alpha (a) error = 0.05 was used to test the
parametric distribution of the collected data using the GraphPad® Prism software (v. 10.1.0,
La Jolla, USA). For parametric data, differences between data sets were determined with two-
tailed unpaired t test or one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison post-hoc tests. For non-parametrically distributed datasets, Mann-Whitney test
or Kruskal-Wallis test with Dunn’s multiple comparison was used. Simple linear regression
analysis was used to investigate the correlation between SCFA levels and inflammatory
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cytokine concentrations. Additionally, the potential effects of IBD pharmacological
intervention on SCFA levels at different endoscopic severities was investigated using two-way
ANOVA analysis. The statistical significance threshold was set at p-value < 0.05 and graphical
values represent mean + standard deviation (SD).
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4.3 Results
4.3.1 Patient Characteristics

The study cohort comprised 42 IBD patients, whilst 12 patients that underwent a colonoscopy
examination but did not have an IBD diagnosis were assigned as “Colonoscopy Controls”. A
further 7 healthy individuals were also enrolled, termed “Healthy Controls” comprising
random individuals often they were relatives or partners to patients enrolled in this study
with no prior diagnosis of IBD. Individuals assigned to “Colonoscopy Control” and “Healthy
Control” groups were pooled to form a combined “Control group” for statistical analysis. Of
the IBD patients, 22 individuals were diagnosed with UC (UC group) whilst 18 were diagnosed
with CD (CD group). In the current study, 2 subjects that underwent colonoscopy (and
subsequent IBD diagnosis) were not further categorised as UC or CD. As a result, SCFA and
inflammatory cytokine results from these two samples were included in the comparison
between gross IBD and controls but were excluded from further sub-group analyses (e.g. UC
vs. CD). The median time since IBD diagnosis was 8 and 13 years for UC and CD, respectively.
There was no significant difference in mean age between the UC (35.19 + 15.82 years), CD
(33.89 + 10.73 years), colonoscopy control (39.7 + 13.6 years) and healthy control (43.58 +
8.75 years) groups. The gender distribution in the UC group was 54.55% male vs. 36.36%
female (9.09% not reported), 50% male vs. 50% female in the CD group and 57.9% male vs.
42.1% females in the control group. Regarding patient ethnicity, 40.91% of the UC patients
were Caucasian, 27.27% were identified Asian, and 22.73% were from other ethnicity groups.
9.09% of the patients in the UC group did not disclose their ethnicity. There were 38.89%
Caucasian patients in the CD group, 33.33% with Asian background and 22.22% were from
other ethnicity groups. 5.56% of CD patients did not report their ethnic background. There
was no significant difference in ethnicity distribution between control and the UC and CD
groups, overall distributing as 63.2% were Caucasian, 21.1% Asian and 15.8% as other ethnic
backgrounds (see Table 4.2 for listed patient characteristics).

In the cohort assigned to the UC group, 40.91% of the patients were symptomatic. In terms
of endoscopic disease activity, 9 were in remission, 5 had mild disease activity, 6 had
moderate disease activity and 2 had severe disease activity. From the patients assigned to the
CD group, a majority were asymptomatic at the time of sample collection (77.78%).
Furthermore, endoscopically 9 CD patients were defined as in remission, 5 with mild disease
activity, 2 with moderate endoscopic activity and 2 had severe disease activity. With regards
to IBD treatments, 7 IBD patients were receiving 5-ASA only at the time of sample collection,
5 were administered immunomodulators only, and 9 others were prescribed biologic agents
only. Additionally, 5 patients received both 5-ASA and immunomodulators, 1 patient was
prescribed 5-ASA together with a biologic agent, a further 9 patients were prescribed both
immunomodulators and biologic agents, and finally, 3 patients did not report any medication
use at the time of collection (refer to Table 4.3 for summary of medication usage). Two-way
ANOVA was used to evaluate potential drug-interaction as a determinant of faecal SCFA
concentrations, however under the experimental design statistical significance was not
achieved [F (6, 75) = 2.129, p = 0.06] suggesting that changes in SCFA determined here were
unlikely to be affected by prescribed medications (Supplementary Figure 4.1).
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Table 4.2. Demographic information for the study cohort.

Ulcerative Crohn’s Healthy Colonoscopy

Colitis Disease Control Control

[n=22] [n=18] [n=7] [n=12]
Mean age, 35.19 [15.82] 33.89 39.7[13.6]  43.58[8.75]
years [SD] [10.73]
Male [%] 12 [54.55] 9 [50] 5[71.43] 6 [50]
Female [%] 8 [36.36] 9 [50] 2 [28.57] 6 [50]
Gender NR [%] 2 [9.09] - - -
dignoss range,vears 810381 BEI -
Caucasian ethnicity [%] 9 [40.91] 7 [38.89] 3[42.86] 9 [75]
Asian ethnicity [%] 6 [27.27] 6 [33.33] 2 [28.57] 2 [16.67]
Other ethnicity [%] 5[22.73] 4[22.22] 2 [28.57] 1[8.33]
Ethnicity NR [%] 2[9.09] 1 [5.56] - -
Asymptomatic [%] 8 [36.36] 14 [77.78] - -
Symptomatic [%] 9 [40.91] 2 [11.11] - -
Symptom NR [%] 51[22.73] 2 [11.11] - -
Endoscopic remission 9[40.91] 9 [50] i i
[%]
z/l't's/ if:‘;;jwpic 5[22.73] 5 [27.78] . .
x‘t’iiﬁ;a;]e”doscomc 6 [27.27] 2 [9.09] . .
Severe endoscopic 2 [9.09] 2 [9.09] i i

activity [%]

NR: Not reported.
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Table 4.3. Summary table of prescribed medication in the IBD cohort studied.

Medication Type Ulcerative Colitis [n =22] Crohn’s Disease [n = 18]
5-ASA [%] 7 [31.81] 01[0]
Immunomodulators only [%] 1[4.54] 41[22.22]
Biologic agents only [%] 3[13.63] 6 [33.33]
5-ASA + Immunomodulators 5 (22.72] 0[0]
[%]

5-ASA + Biologic agents [%] 1[4.54] 01[0]
Immunomodulators + Biologic 1[4.54] 8 [44.44]
agents [%]

5-ASA + Immunomodulators +

Biologic agents [%] 1[4.54] 01[0]
Not reported [%)] 3[13.63] 01[0]

5-ASA: 5-aminosalicayde

4.3.2 Lower faecal SCFA levels correlate to increasing IBD disease severity

Quantitative LC-MS/MS was used to determine the amount of SCFA in the cohort of human
samples that were designated as Control, Remission, Mild, Moderate and Severe. In the
current study, valerate could not be consistently detected by LC-MS/MS and hence emitted
from data analysis (Supplementary Figure 4.2a). Quantitative LC-MS/MS analysis showed that
the mean total SCFA level in control stools was 557.1 pg/mg, which was substantially lower
than IBD patients that are in remission (929 pg/mg), albeit not statistically significant.
However, lower concentration of total faecal SCFA level was detected in active patients (430.3
pg/mg) in comparison to the control and remission cohorts, and this reduction was
statistically significant when compared to IBD patients in remission (95% Cl: 240.6-620.1,
p=0.001, Figure 4.1a) although not different to the combined control group (comprising
colonoscopy and healthy controls). Further sub-analysis of SCFA levels in accordance with the
degree of IBD pathological disease severity demonstrated a similar trend of reduction, where
IBD patients with severe endoscopic activity showed greatest decline in total SCFA level
(mean value, 281.6 pg/mg). This was followed by the patients with moderate (mean, 387.2
pg/mg) and mild (mean, 557.5 pg/mg) severity (Figure 4.1b). Together, these findings suggest
that diminished faecal SCFA levels correlate with increased IBD pathological severities.

Next, we investigated the level of acetate, propionate and butyrate in accordance with
classification of IBD disease severities. As shown in Figure 4.1c and Supplementary Figure
4.2b, a slight elevation in mean acetate level was detected in remission, mild and moderate
IBD groups when compared to the control. Although not reaching statistical significance, this
weak trend to increased levels was followed by a marked decline in mean faecal acetate
concentrations as the disease burden progressed to the severe category. On the other hand,
faecal propionate levels tended to a gradual decline as IBD progressed from the control group
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to severe category (Supplementary Figure 4.2c). Lastly, a notable elevation in faecal butyrate
level was found when comparing remission and control groups. However, this was not
observed in active IBD patients, where faecal butyrate level diminished sharply in mild,
moderate and severe patients (Supplementary Figure 4.2d). While the gross difference
between control and IBD groups was significant (Figure 4.1a), evaluation of the changes in
individual SCFA did not reach statistical difference. However, the data implies that individual
SCFA may play different roles during the pathogenesis and progression of IBD with faecal
butyrate likely being a major determinant for the overall change in combined SCFA as disease

progressively worsens.
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Figure 4.1. The level of SCFAs in stool of non-IBD individuals and IBD patients. (a) The
difference in total SCFA levels between Controls (healthy individuals + individuals who
underwent colonoscopy but did not receive an IBD diagnosis) and IBD patients in
remission and active phase. (b) The level of SCFAs in relation to IBD disease severity.
(c) The amount of acetate, propionate and butyrate in relation to IBD disease severity.
Graphical values in (a) and (b) represent mean + SD and values in (c) represent mean
with error bars emitted to aid visualisation. n = 19 individuals in the control group and
n =30 IBD patients (n = 18 in remission, n = 10 in mild, n = 8 in moderate and n =4 in
severe). Samples below the detection limit were not included in the analysis.
Normalcy of the collected data was analysed using Shapiro-Wilk test and group
difference was calculated by Kruskal-Wallis test with Dunn’s multiple comparison as
a post hoc. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Author
contributions: K.X — Investigation, validation, formal analysis, data curation and
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visualisation, S.A.D — Investigation, validation, formal analysis, data curation, T.0.C —
Investigation, data curation and validation, X.S.W — Investigation, methodology and
software, E.V — Investigation, M.G, V.K & N.M — Investigation and data curation.

4.3.3 Higher faecal IL-1pB level in patients with moderate and severe IBD

The cytokine IL-1B promotes inflammation by facilitating the migration of immune cells to the
affected®. In the context of IBD, elevated colonic tissue level of IL-1B, reportedly produced
through the activation of NLRP-3 inflammasome has been shown to correlate with greater
IBD disease activities®*. Moreover, elevated level of faecal IL-1B have also been reported in
adults and children with IBD3>3®, In the current study, the level of faecal IL-1B was examined
by ELISA to validate the endoscopic evaluation and the extent of gastrointestinal
inflammation. As shown in Figure 4.2a, a marked increase in faecal IL-1B level was observed
in IBD patients (both in remission and active), albeit not reaching statistical significance (p =
0.1259). Notably, active IBD patients had significantly higher levels of IL-1B in their stool
(mean value, 204.5 pg/mg) when compared to the controls and IBD patients in remission
(means, 11.4 pg/mg and 30.3 pg/mg respectively, p = 0.004).

The faecal level of IL-1B was also substantially elevated in subjects in endoscopic remission
when compared to the control, however, this difference was not statistically significant (p >
0.05, Figure 4.2b). Further sub-analysis of IL-1f showed that patient with moderate IBD
severities exhibited greatest increase in stool IL-1pB level (mean value 220.2 pg/mg), where it
was significantly higher than the remission and control groups (95% Cl: 74.71-365.8, p =
0.0065 and p = 0.270 respectively, Figure 4.2c). Lastly, the current study also compared the
difference in IL-1B level between UC and CD patients. As shown in Figure 4.2d, UC patients
reported significantly higher level of faecal IL-1B (230.0 pg/mg) in comparison to control and
remission groups (95% Cl: 99.69-360.4, p = 0.0023 and 0.0026 respectively). Similarly, a
marked increase in IL-1B in the stool of CD patients was also detected. However, this increase
did not reach statistical significance when compared to the corresponding control and
remission group (95% Cl: -62.11-274.0, p > 0.05). The expression of IL-1B in stool was further
validated by Western blot analysis that confirmed detection of the anticipated protein band
at ~31 kDa in randomly selected samples (see Supplementary Figure 4.3a and b). In summary,
these results were consistent with the known response of IL-1B in the inflamed colon, where
elevated level of this proinflammatory mediator is noted with increased IBD severity.
Circulating IL-1B in plasma samples were below the detection limit of the ELISA kits used in
the current study suggesting that systemic levels of IL-1B were low relative to the levels in
stool that better reflected the locally inflamed colon tissues.
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Figure 4.2. The level of IL-18 in stool. Between panel (a) healthy individuals (n = 7)
and IBD patients (n = 33). Panel (b) healthy individuals and IBD patients in remission
(n =16) and active phase (n = 17). Panel (c) The level of IL-18 in relation to IBD disease
severity. n = 16 IBD patients in remission, n = 3 in mild, n = 8 in moderate and n = 6 in
severe. Panel (d) UC (n =9) and CD (n = 6) patients. Samples below the detection limit
were not included in the analysis. Graphical values represent mean + SD after
interpolation from standard curve. Normalcy of the collected data was investigated
using Shapiro-Wilk test and group difference was analysed by Mann-Whitney test or
Kruskal-Wallis test with Dunn’s multiple comparison as a post hoc. *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001. Author contributions: K.X — Investigation,
validation, formal analysis, data curation and visualisation, S.A.D — Investigation,
formal analysis, data curation, T.O.C — Data curation and validation, H.C, M.G, V.K &
N.M — Investigation and data curation.

.4 Propionate and butyrate show weak inverse correlative relationships to faecal IL-1B

levels

To

investigate the possible inter-dependency between SCFA levels and stool IL-1B
concentration, simple linear regression analysis was performed between mean acetate,
propionate and butyrate levels and the stool IL-1B concentration in the various group
allocations for IBD severities. Figure 4.3a shows the poor correlative relationship between
mean acetate concentration and IL-1p level with R? = 0.009, signified a negligible fit and no
meaningful relationship between the two biomarkers. In contrast, the relationship between
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average faecal propionate and IL-1B levels demonstrated a stronger inverse correlation (R? =
0.12, Figure 4.3b). A weak inverse correlation was also evident between mean butyrate and
IL-1B level in the stool (R? = 0.32, Figure 4.3c). Correlation evaluation between the total
concentrations of SCFA (combined acetate, propionate and butyrate) and the cytokine IL-1B,
again identified an improved inverse relationship (R? = 0.48, Figure 4.3d). Overall, the results
demonstrated the complexity of the interactions among SCFAs and proinflammatory cytokine
IL-1B, which also implies that not all SCFAs exert the same influence in IBD pathogenesis or
the extent of disease progression in the colon (See Supplementary Figure 4.4 for correlation
graphs with inclusion of all analysed samples).
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Figure 4.3. Correlation between averaged faecal pro-inflammatory cytokine IL-18 and
short chain fatty acid. Panel (a) acetate, panel (b) propionate, panel (c) butyrate and
panel (d) total SCFA levels (combined acetate + propionate + butyrate) in the stool
from IBD patients. Graphical values represent the mean faecal IL-16 and short chain
fatty acid levels at different IBD disease severity. n = 16 IBD patients in remission, n =
3 in mild, n = 8 in moderate and n = 6 in severe. Simple linear regression with 95%
confidence was used to evaluate potential correlative relationships. Author
contributions: K.X — Investigation, validation, formal analysis, data curation and
visualisation, S.A.D — Investigation, formal analysis, data curation, T.0.C — Data
curation and validation, H.C, M.G, V.K & N.M — Investigation and data curation.

4.3.5 Elevated faecal IL-6 levels are not reflected in plasma

Quantitative analysis of IL-6 level by ELISA showed a 17.16-fold increase in the stool samples
of IBD patients when compared to the control, albeit not reaching statistical significance (p >
0.05, Figure 4.4a). Interestingly, such elevation in faecal IL-6 was not observed in plasma
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samples, where IBD patients reported similar level of IL-6 when compared to the controls
(20.1 vs. 25.6 pg/mL, Figure 4.4b). Furthermore, lower level of circulating IL-6 was detected
in plasma of IBD patients with active disease when compared to those in remission although
this was not significant (Figure 4.4c and Supplementary Figure 4.5a). Lastly, the difference in
circulating IL-6 level between UC and CD patients was not statistically significant (95% Cl: -
111.5-103.1, p > 0.05, Figure 4.4d). Together, these data suggest that IL-6 may promote local
colon inflammation as reflected in elevated stool IL-6 levels however, there was no
meaningful systemic effect of IL-6 in the same IBD cohort.
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Figure 4.4. The level of IL-6 in healthy individuals and IBD patients. Panel (a) stool
samples (n = 3 in control and n = 4 in IBD) and panel (b) plasma (n = 3 in control and
n = 11 in IBD). Panel (c) Shows the difference in plasma IL-6 levels between IBD
patients in remission (n = 5) and have active IBD flare up (n = 6). Samples below the
detection limit were not included in the analysis. Graphical values represent mean +
SD after interpolation from standard curve. Normalcy of the collected data was
investigated using Shapiro-Wilk test. Group difference was analysed by unpaired t
test or one-way ANOVA with Tukey post hoc test for parametric data. Non-parametric
data was analysed by Mann-Whitney test or Kruskal-Wallis test with Dunn’s multiple
comparison as a post hoc. No statistically significant difference between groups was
observed. Panel (d) The difference in IL-6 levels in plasma between UC (n =2) and CD
(n=5) patients. Graphical values represent mean + SD after interpolation from
standard curve and statistical analysis was not performed due to restricted size.
Author contributions: K.X — Investigation, validation, formal analysis, data curation
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and visualisation, S.A.D — Investigation, formal analysis, data curation, T.0.C —
Validation, H.C, M.G, V.K & N.M — Investigation and data curation.

Data here showed that IL-10 concentration in the plasma of IBD patients was markedly
decreased relative to the controls (Figure 4.5a). Notably, this reduction was more pronounced
in active IBD patients (mean IL-10 level, 7.4 pg/mL) compared to control (mean, 58.4 pg/mL)
and IBD patients in remission (14.6 pg/mL, Figure 4.5b). Further sub-analysis across controls
groups and various IBD severities showed minimal difference in plasma IL-10 levels (Figure
4.5c¢). When comparing the control group and remission patients, a substantial reduction in
circulating IL-10 levels was observed in patients with active UC. Similarly, a trend of
diminished IL-10 was also observed in active CD patients, however, no statistical analyses
were performed due to limited sample size (Figure 4.5d). ELISA of IL-10 in faecal samples
detected limited results (Supplementary Figure 4.5b). Due to lower datapoints yielded from
IL-6 and IL-10 ELISA analyses, simple linear regression of the mean level of these cytokines

with SCFA was not performed.
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Figure 4.5. The level of IL-10 in patients. Panel (a) healthy (n = 2) and IBD patient (n =
17) plasma samples. Panel (b) The difference in IL-10 levels between healthy
individuals and IBD patients in remission (n = 6) and active phase (n = 11). Panel (c)
The level of IL-18 in relation to IBD disease severity. n = 6 IBD patients in remission, n
=1 in mild, n = 6 in moderate and n = 4 in severe. Panel (d) The difference in IL-10
levels between UC (n = 5) and CD (n = 5) patients. Samples below the detection limit
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were not included in the analysis. Graphical values represent mean + SD after
interpolation from standard curve. Normalcy of the collected data was investigated
using Shapiro-Wilk test and group difference was analysed by Mann-Whitney test or
Kruskal-Wallis test with Dunn’s multiple comparison as a post hoc. *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001. Author contributions: K.X — Investigation,
validation, formal analysis, data curation and visualisation, S.A.D — Investigation,
formal analysis, data curation, T.0.C — Validation, H.C, M.G, V.K & N.M — Investigation
and data curation.
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4.4 Discussion

While perturbation of gut bacteriome in UC and CD patients has been widely
documented'*37:38, conflicting findings have been reported for corresponding levels of SCFA
metabolites acetate, propionate and butyrate?’-3% Therefore, relationships between SCFA
levels, IBD disease severities and the extent of gut inflammation remain to be identified. The
aim of the current study was to examine the levels of acetate, propionate and butyrate in
faecal samples of both active and remissive UC and CD patients across a spectrum of disease
severities compared with health individuals. A significant reduction in total SCFA level was
observed in active IBD patients when compared to patients in remission and in the controls,
with each SCFA exhibiting a differential pattern of change as a function of disease severity.
Faecal acetate levels increased marginally in IBD patients in remission and with mild or
moderate disease severities when compared to the controls. However, acetate declined
markedly with increased severe disease activity. Propionate levels were highest in controls
and decreased consistently in remission and in those with active IBD. Patients classified in
remission showed a distinct peak in faecal butyrate levels, with substantially lower levels of
butyrate in controls and active IBD patients. These changes were accompanied by a general
trend of elevation in pro-inflammatory cytokines IL-1B and IL-6 in stool, as well as a decrease
in serum level of anti-inflammatory IL-10, suggesting that individual SCFA may contribute
differently by modulating gut barrier function and colon inflammatory responses, and may
potentially play a role in the pathogenesis of IBD.

The pro-inflammatory cytokine IL-1B promotes the release of downstream inflammatory
mediators®® which are markedly increased in patients with severe IBD3*%°, As anticipated, a
significantly higher level of faecal IL-1B was observed in patients with moderate and severe
IBD studied here, recapitulating the findings reported by previous studies and thereby
indirectly affirming the IBD disease severity classifications made here. Although not reaching
statistical significance, outcomes here highlighted a trend towards higher faecal IL-1f level in
UC patients when compared to CD patients. This difference may be attributed to
inflammation in UC is focal to the colon intestinal mucosa?. This is also accompanied with
infiltrated immune cells and elevated secretion of pro-inflammatory mediators (e.g., IL-1B in
the large intestine)*!, where higher levels of inflammatory mediators can be detected even in
areas of the colon without histologically assigned inflammation*2. Conversely, the patchy
transmural lesion of CD may stimulate a greater systemic response3. However, larger sample
size is required to account for the biological variability observed in the current study and
confirm this notion.

Proinflammatory IL-6 is reported to increase in both stool and serum samples of patients with
IBD*344, Furthermore, IL-6 exerts proinflammatory action by activating antigen presenting
cells and T cells in the intestinal epithelium*3. Herein, minimal changes on plasma and faecal
IL-6 levels were detected owing to small sample size, highlighting the limitation of the current
study. On the other hand, IL-10 is an immunomodulatory cytokine that maintains gut immune
homeostasis by inhibiting the release of TNF-o*°, limiting antigen presentation*® and
preventing T-cell overactivation®’.

Plasma IL-10 level was markedly higher in healthy control subjects when compared to patients
with either active or remissive IBD, albeit not reaching statistical significance. The anti-
inflammatory cytokine IL-10 has been reported to provide a protective role to the intestinal
epithelium released by anti-inflammatory macrophage as an innate immune response®,
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where loss-of-function mutation of genes encoding IL-10 and IL-10 receptor have shown to
associate with very early-onset IBD*°. Outcomes here highlights the potential dysregulation
of immune response in the IBD gut. However, a larger sample size is warranted to confirm
this notion. Interestingly, the current study showed similar levels of plasma IL-10 in remission
and active IBD patients, which suggests that IL-10 may not serve as a predictor of clinical
remission in IBD albeit that this does not rule out that circulating IL-10 may play a role in
maintaining IBD patients in the remission phase.

Faecal levels of propionate and butyrate as well as combined total SCFA (total acetate,
propionate and butyrate) all showed weak inversely correlative relationships to the level of
pro-inflammatory cytokine IL-1pB, suggesting a potential immune dampening effect of these
SCFAs in the IBD gut. In support of this, the study by Tong et al. demonstrated that
supplementation with sodium propionate inhibited the expression of IL-18 and IL-6, and
improved dextran sodium sulfate (DSS)-induced colitis symptoms by improving intestinal
barrier function in this experimental model®°. This highlights the potential anti-inflammatory
and colon protective properties of this SCFA. Similarly, butyrate supplementation has been
shown to reduce the level of serum IL-1B and IL-6°%°? as well as promote the production of
anti-inflammatory cytokine IL-10 levels®? in IBD experimental animal models. Furthermore, it
has been demonstrated that acetate promotes intestinal integrity and reduces colon
inflammation by binding to ‘metabolite sensing’ G-protein coupled receptor (GPR)-43 and
GPR109A in a murine model of colitis®*. However, the anti-inflammatory effect of acetate was
not observed in this study, whereby mean acetate level reported no meaningful relationship
with averaged IL-13 concentrations in the corresponding stool samples and acetate levels only
diminished between moderate and severe disease states. Nevertheless, outcomes here imply
that elevated SCFA levels, particularly propionate and butyrate are potentially linked to the
extent of inflammation in the gut with decreased levels of these specific SCFA evident in as
IBD disease activity increases.

Given the promising anti-inflammatory effects of propionate and butyrate in animal models
of IBD, SCFA supplementation poses a great potential as an alternative therapeutic option for
IBD patients. Thus, the markedly higher level of butyrate was observed in remissive IBD
patients when compared to controls and patients with active IBD, suggests that elevating
colon butyrate is likely associated with disease remission. Accordingly, Luhrs et al. showed
that 4 and 8 weeks of 100 mM of butyrate supplementation (administered via enema)
resulted in the inhibition of macrophage nuclear factor kappa B (NF-kB) activation in the
lamina propria of UC patients and significantly improved the disease activity index>>,
highlighting the therapeutic potential of SCFA supplementation. Conversely, a double-blind,
placebo-controlled pilot study conducted by Facchin et al. showed that oral administration of
sodium butyrate capsules in conjunction with conventional therapy increased the abundance
of SCFA-producing bacteria in UC and butyrate-producing bacteria in CD patients. Despite
improvement to gut bacteriome under these conditions, butyrate supplementation in this
cohort only resulted in improved quality-of-life index in UC patients and generally failed to
exert any positive effects on clinical activities for either UC or CD patients®. A similar finding
was reported by Hamer et al., where butyrate enema resulted in minor improvements on gut
inflammation in clinically remissive UC patients®’, suggesting that increased butyrate level
could promote the shift towards the quiescent state of IBD, consistent with the outcomes
identified here, however, this intervention offers limited improvements to IBD pathologies.
The treatment dosage of butyrate could potentially be an influencing factor on therapeutic
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efficacy. By using a Caco-2 cell monolayer as a model of intestinal barrier, Peng et al. has
demonstrated that 2 mM of butyrate increased transepithelial resistance and decreased
inulin permeability, however, these beneficial effects were reversed at 8 mM, and butyrate
induced dose-dependent apoptosis of the Caco-2 monolayer®®, suggesting that low
concentration of butyrate supplementation is more likely to produce favourable therapeutic
effects on the intestinal epithelium. Additionally, whether the administration route defines
SCFA bioactivity in the colon is unclear since oral dosing is limited by systemic redistribution
of SCFA (e.g., acetate and butyrate) following efficient absorption in the stomach®®. By
contrast, supplementing direct to colon via rectal enema may improve delivery of the SCFA in
comparison to other routes of butyrate delivery and aid in recovery post-colorectal surgery®°.
The effect of sodium propionate supplementation has been investigated in patients of end-
stage renal disease®"®2, with significant decline in inflammatory parameters such as C-reactive
proteins, IL-2 and IL-17 reported®®. However, the therapeutic potential of propionate
supplementation in IBD patients remains to be systematically investigated. Furthermore, the
outcomes from the current study indicate that further investigation is warranted to fully
define the therapeutic potential of SCFAs (butyrate and propionate) in patients with active
IBD or testing whether supplementing patients in clinical remission can elongate the period
of remission and/or reduce the severity of subsequent phases of active IBD.

In addition to the anti-inflammatory effects of SCFA, the integral role of these volatile lipid
metabolites in maintaining colon enterocyte physiology should be considered. The intestinal
barrier comprises a layer of epithelial cells that are interconnected by tight junctions®.
Enhanced tight junction permeability and structural disruption to the gut epithelium
exacerbates IBD pathologies in animal models of IBD®*%, which suggests that efficient
epithelial regeneration may underpin the linkage between maintenance of the intestinal
epithelial barrier and delaying clinical presentation of IBD. Notably, SCFAs butyrate can elicit
signal transducer and activator of transcription 3 (STAT3) activation®, which subsequently
promotes epithelial regeneration via the I1L-10%7 and 1L-22%8 signalling pathway. In support of
this notion, increasing dietary fibre intake to boost SCFA production, suppresses experimental
colitis in an IL-10-deficicent murine model®®. Moreover, administering mixtures of SCFA
(containing acetate, propionate and butyrate) reverses the diminished intestinal epithelial
cell proliferative activity observed in a germ-free mice’?, highlighting the role for SCFA in
supporting epithelial cell proliferation, which further reinforces an involvement in
maintaining epithelial barrier structure and function. Thus, elevated SCFA production in the
gut may enhance mucosal cell viability to facilitate the shift towards clinical remission in IBD,
which is in strong agreement with the higher total SCFA concentration observed in IBD
patients assigned to the remission group determined here. However, to confirm this
conclusion additional investigations on colon histopathology and tight junction permeability
are required to completely validate the barrier maintenance properties of the SCFAs.

As this is a cross-sectional study, it is not completely clear if the observed associations
between SCFA levels and disease activity are causative or merely a consequence of active
inflammation. Although microbiome products such as SCFA interact with colonic mucosa to
influence disease states, it is also possible that active inflammation can influence the gut
microbiome composition and SCFA production. To further strengthen the case for causality
additional longitudinal studies are required to correlate pre-disease onset or pre-disease flare
SCFA and cytokine levels, with documented future disease onset or relapse, respectively.
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It is noteworthy that changes in SCFA levels observed here could also be a cause or a
consequence of drugs prescribed to the recruited patients. The main pharmacological
interventions of IBD include 5-ASA, thiopurines and anti-TNF agents3?, which all target various
aspect of the inflammatory cascade. In the current study, over 92% of the recruited patients
reported the use of at least one form of these prescription drugs with some taking
combinations of these pharmaceuticals. It has been shown that oral administration of 5-ASA
increases Firmicutes and decreases Proteobacteria abundances, in both wildtype mice that
have no intestinal inflammation’? and in patients diagnosed with UC’?, suggesting that 5-ASA
may direct the host immune system towards an anti-inflammatory state by altering the
intestinal microbiota composition. A similar shift in gut microbiota composition has been
reported in IBD patients that received anti-TNF treatments, where Infliximab is known to
restore microbiome pattern in children diagnosed with CD children toward a microbial
community common in healthy children’3, as well as increasing SCFA-producing bacteria in
adult CD patients’. Interestingly, the study by Wills et al. demonstrated that thiopurine
treatment reduced the bacterial diversity in UC and CD patients’>. However, this reduction of
bacterial diversity could contribute to the growth inhibition of pathogenic bacteria such as
Campylobacter in the presence of thiopurine treatment’®,

Despite findings highlighting the potential correlative relationship between SCFA levels and
IBD disease severity, a limitation here is a lack of gut microbiome analysis. As a result, it is
unclear whether the change in SCFA levels is a consequence of reduced SCFA-producing
bacteria in the gut or reduced production by these bacteria (or a combination of both factors).
Additionally, grouped averaged data was used to investigate the correlative relationship
between individual SCFAs and faecal IL-1B level. Thus, the correlation between the individual
SCFA and faecal IL-1PB level identified in the current study should be interpreted with caution,
as relationships observed at the group level may not hold true at the individual level.

In conclusion, the current study was the first to investigate the level of SCFA acetate,
propionate and butyrate in both UC and CD patients across a spectrum of disease severities
as evaluated clinically by colonoscopy. Active IBD patients are characterised by a substantial
reduction of SCFA levels and higher level of proinflammatory cytokine IL-1B in their stool.
Overall, decreased levels of acetate, propionate and butyrate were weakly and inversely
associated with increasing IBD severity, which suggests that maintaining physiological levels
of these SCFAs may be associated with maintaining a state of IBD disease remission; a
stronger case may be made for butyrate supplementation and maintenance of remission.
Overall, our results would support further interventional studies to determine if butyrate
and/or propionate supplementation can help induce or maintain remission among CD or UC
patients.
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Supplementary Figures
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Supplementary Figure 4.1. The level of short chain fatty acids in IBD patients that
received different drug treatments. Two-way ANOVA showed no statistical
significance on the effect of colonoscopy score and drug use on total short chain fatty
acid levels in the stool (p > 0.05). However, there was a weak influence of 5-ASA use
on short chain fatty acid level (p = 0.06) that may become significant for larger sample
size. Patient distribution followed n = 7 subjects who received 5-ASA treatment alone
(5-ASA), n = 5 others received immunomodulator treatment alone (Immuno), while n
= 9 patients received biologic agents treatment alone (Biologic), a further n = 5
patients received 5-ASA and immunomodulator treatments (5-ASA + Immuno), n = 1
subject was treated with 5-ASA and biologic agents (5-ASA + Biologic), n = 9 patients
received immunomodulator and biologic agents (Immuno + Biologic), and finally n =
1 patient received a combination of 5-ASA, immunomodulators and biologic agents
treatments (5-ASA + Biologic + Immuno). Samples below the detection limit and/or
did not report any IBD-related treatments were not included in the analysis. Graphical
values represent mean value of SCFA concentration at different IBD severities + SD for
each cohort subgroup. Author contributions: K.X — Investigation, validation, formal
analysis, data curation and visualisation, S.A.D — Investigation, validation, formal
analysis, data curation, T.0.C — Investigation, data curation and validation, X.S.W —
Investigation, methodology and software, E.V — Investigation, M.G, V.K & N.M —
Investigation and data curation.
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Supplementary Figure 4.2. The level of short chain fatty acids in non-IBD individuals
and IBD patients at different disease severities. Panel (a) shows all short chain fatty
acids examined in the study. Graphical values represent mean with error bars that
were omitted in the accompanying paper to aid visualisation. Valerate was excluded
from further analysis due to inconsistent detection of this short chain fatty acids
LC/MS-MS from the stool samples. The disease stage-dependent change of Panel (b)
acetate (n= 31 patient samples), Panel (c) propionate (n= 43 samples), and Panel (d)
butyrate (n= 42 samples), levels in the stool of IBD patients assigned to the various
disease severity groups. Samples below the detection limit were not included in the
analysis. Graphical values represent mean *+ SD. Author contributions: KX —
Investigation, validation, formal analysis, data curation and visualisation, S.A.D —
Investigation, validation, formal analysis, data curation, T.0.C — Investigation, data
curation and validation, X.5.W — Investigation, methodology and software, E.V —
Investigation, M.G, V.K & N.M — Investigation and data curation.
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Supplementary Figure 4.3. The presence of pro-inflammatory cytokine IL-18 in stool
samples obtained from healthy and IBD patients of different disease severities. Panel
(a) Representative images of Ponceau S staining of total proteins loaded and
corresponding Western blot image of IL-18 in stool from randomly selected patients.
Panel (b) Densiometric analysis of IL-18 levels detected from Western blotting. n = 4
samples per group in Colonoscopy Control, Remission and Mild IBD and n=3 samples
per group in Healthy Control and Severe IBD. Author contributions: K.X — Investigation,
validation, formal analysis, data curation and visualisation, S.A.D — Investigation,
validation, formal analysis, data curation, T.O.C — Investigation, data curation and
validation, X.S.W — Investigation, methodology and software, E.V — Investigation, M.G,
V.K & N.M — Investigation and data curation.
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Supplementary Figure 4.4. The Correlation between faecal pro-inflammatory cytokine
IL-18 and short chain fatty acid. Panel (a) acetate, panel (b) propionate, panel (c)
butyrate and panel (d) average acetate + propionate + butyrate levels in the stool
from IBD patients. Graphical values represent the mean faecal IL-16 and short chain
fatty acid levels at different IBD disease severity. n = 16 IBD patients in remission, n =
3 in mild, n = 8 in moderate and n = 6 in severe. Simple linear regression with 95%
confidence was used to evaluate potential correlative relationships. Author
contributions: K.X — Investigation, validation, formal analysis, data curation and
visualisation, S.A.D — Investigation, formal analysis, data curation, T.0.C — Data
curation and validation, H.C, M.G, V.K & N.M — Investigation and data curation.
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Supplementary Figure 4.5. The level of IL-6 & IL-10 inflammatory cytokines in patients.
Panel (a) IL-6 in plasma samples of healthy individuals and IBD patients of different
disease severities. Panel (b) IL-10 in stool samples of both healthy and IBD patients.
Samples below the detection limit were not included in the analysis. Graphical values
represent mean + SD. Statistical analysis was not performed due to the limited
number of samples detected by ELISA. Author contributions: K.X — Investigation,
validation, formal analysis, data curation and visualisation, S.A.D — Investigation,
validation, formal analysis, data curation, T.0.C — Investigation, data curation and
validation, X.S.W — Investigation, methodology and software, E.V — Investigation, M.G,
V.K & N.M — Investigation and data curation.
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Supplementary Table

Supplementary Table 4.1. Table of chemicals and reagents used in the current study
(in alphabetical order).

Chemical/Reagent Manufacture Catalogue Number
Acetic acid Sigma Aldrich 695092
Acetic acid-ds4 Sigma Aldrich 151785
Butyric acid-1,2-13C, Sigma Aldrich 491993
DNase Sigma Aldrich DN25
Formic acid Supelco 5.33002
Hexanoic acid Sigma Aldrich 153745
Hexanoic acid-6,6,6-d3 Sigma Aldrich 489727
Human IL-10 ELISA kit Invitrogen BMS215-2
Human IL-13 ELISA kit Invitrogen BMS224-2
Human IL-6 ELISA kit Invitrogen EH2IL6
Methanol Supelco 1.06035
Orthophosphoric acid Supelco 5.43828
Propionic acid-1-13C Sigma Aldrich 282448
Sodium butyrate Sigma Aldrich B5887
Sodium propionate Sigma Aldrich P1880
Valeric acid Sigma Aldrich 240376
Water (LC-MS Grade) Supelco 1.15333

Supplementary Methods
Method for IL-1 Western Blot Analysis

A Bicinchoninic Acid assay was conducted on two sets of faecal samples, each comprising one
healthy control, one colonoscopy control, and one sample with a colonoscopy score
representing remission, mild, and severe IBD. 20 ug of each sample was mixed with sodium
dodecyl sulfate (SDS) loading buffer (50 mM Tris-HCI (pH 6.8), 2% w/v SDS, 6% v/v glycerol,
and 0.004% w/v bromophenol blue). Samples were heated (95°C, 5 min), followed by brief
vortex and centrifugation. Samples were then loaded onto a Mini-PROTEAN electrophoresis
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system (BioRad) and separated in SDS-Tris-Glycine buffer (25 mM Tris, pH 8.3, 192 mM
glycine, and 0.1% w/v SDS) at 35 mA per gel for ~40 min. Precision Plus Protein Kaleidoscope
ladder (Cat. #1610375, BioRad) was loaded as a molecular weight marker. Upon completion
of electrophoresis, separated proteins were transferred onto a 0.2 um polyvinylidene fluoride
or polyvinylidene difluoride membrane using the Trans-Blot Turbo Transfer System (BioRad).
Next, the membrane was washed with 1x Tris-Buffered Saline (TBS) followed by 1x TBS
containing Tween 20 (TBST; 5 min). The PVDF membrane was then incubated in blocking
buffer (5% (w/v) skim milk/TBST; 22 °C, 1 h).

After blocking, the membrane was incubated overnight with primary anti-IL-1B antibody (Cell
Signaling, cat. # 12307T, diluted 1:2000 v/v in 5% w/v BSA and 0.05% w/v sodium azide mixed
in TBS) at 4°C on a roller. After ~12 h, the membrane was washed again then stained with
Ponceau S solution (5 min, 22 °C) with gentle agitation to visualise total protein loaded in each
well. The stained membrane was imaged using the ChemiDoc™ Touch Gel/Membrane
Imaging System (BioRad) to assist in normalising target protein signals in subsequent analyses.
Next, the membrane was washed thoroughly to remove traces of Ponceau S solution. The
cleared PVDF membranes were then incubated with HRP-conjugated secondary antibody
(Sigma Aldrich, Cat. #A6154, anti-mouse HRP/5% w/v skim milk/TBST) for 2 h in a cold room.
Next, the membrane was washed with TBST then PBS and subsequently treated with Clarity™
Western ECL Substrate (Cat. #1705060, BioRad; 5 min in the dark with gentle agitation) prior
to imaging using Image Lab software (v6.1, BioRad). Finally, densiometric intensity of the
separated protein bands were analysed and normalised for between group comparisons.
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Chapter 5: Herbal remedies as potential IBD
treatments
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Abstract

Ulcerative colitis (UC) is a clinical subtype of inflammatory bowel disease (IBD) that is
characterized by relapsing and remitting abdominal pain and diarrhea. There is no definitive
cure for IBD, and most available therapies have poor response rate and variable tolerance
due to adverse side effects. As a result, herbal medicine has emerged as a promising
complementary and alternative treatment option for IBD patients due to their well-
established anti-inflammatory and antioxidant properties and relatively safe pharmacological
profiles. Damage to the colon mucosa during the pathogenesis of IBD is accompanied by
dysregulation of redox signaling molecule expressions and inflammatory protein activities and
alterations to lipid distribution.

Aim: The goal for this study is to investigate the therapeutic effect of curcumin, Hedyotis
Diffusa and Amomum Villosum in an experimental animal model of colitis and to evaluate
their influence on colon damage, redox biomarker expression and the lipidome.

Methods and Results: Experimental colitis was induced in C57BL/6 mice with 2% w/v dextran
sodium sulfate (DSS) in drinking water + herbal medicines ad libitum. All three herbal
remedies improved clinical score, DSS-induced colon histoarchitectural damage, mucin
production and decreased colon IFN-y levels, while antioxidant protein HO-1 expression
increased. The colonic lipid composition was examined using untargeted liquid
chromatography tandem mass spectrometry and significant changes in lipid species were
analyzed using MetaboAnalyst software. DSS stimulation significantly reduced diacylglycerol
abundances and increased triacylglycerol species in the colon, whilst herbal treatments
ameliorated these changes in glycerolipid composition. Metabolic pathway analysis using the
same software discovered that glycerophospholipid metabolism, glycophosphatidylinositol
anchor biosynthesis and a-linolenic acid metabolism were significantly impacted in the DSS
insulted colons. Validation of altered glycerolipid composition was obtained by monitoring
DG and TG levels in the same colon tissues.

Conclusion: Overall, this study highlighted the potential therapeutic effects of the natural
products in order Amomum Villosum > Hedyotis Diffusa =~ curcumin in ameliorating UC-like
experimental colitis and modulating colonic lipid compositions, which may reinforce their use
as complementary and alternative treatment options for IBD patients.

139



Glossary

uc Ulcerative colitis

IBD Inflammatory bowel disease

ROS Reactive oxygen species

0, Superoxide anion radical

H20; Hydrogen peroxide

DNA Deoxyribonucleic acid

8-OHdG 8-hydroxyguanosine

MDA Malondialdehyde

4-HNE 4-hydroxynoneal

Nrf2 Nuclear factor erythroid 2-related factor 2
SOD Superoxide dismutase

GPx Glutathione peroxidase

HO-1 Heme oxygenase-1

PC Phosphatidylcholine

PE Phosphatidylethanolamine

TG Triacylglycerol

NF-«xB Nuclear factor kappa B

TNF-a Tumor necrosis factor alpha

IL Interleukin

DSS Dextran sodium sulfate

PB Peanut butter

ONOO Peroxynitrite

PBS Phosphate buffered saline

IF Immunofluorescence

IHC Immunohistochemical

DPX Dibutyl phthalate plasticizer xylene
HPLC High performance liquid chromatography
MeOH Methanol

LC-MS/MS  Liquid chromatography tandem mass spectrometry
FA Formic acid

AUC Area-under-the-curve

DG Diacylglycerol

HIAR Heat-induced antigen retrieval

TBS Tris-buffered saline

TBST TBS with Tween® 20

DAB 3,3’-daminobenzidine

ELSIA Enzyme-linked immunosorbent assay
PVDF Polyvinylidene fluoride

ANOVA Analysis of variance

SD Standard deviation
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PCA Principal component analysis

FDR False discovery rate

OPLS-DA Orthogonal partial least square discriminant analysis
VIP Variable importance point

SEC-MALS Size exclusion chromatography with multi-angle light scattering analysis
H&E Hematoxylin and eosin

PS Phosphatidylserine

LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine

HSL Hormone-sensitive lipase

MPO Myeloperoxidase

HOCI Hypochlorous acid

COX Cyclooxygenase

iNOS Inducible nitric oxide synthase

TNBS Trinitrobenzene sulfonic acid

NLRP3 NOD-like receptor protein 3

STAT6 Signal transducer and activation of transcription 6
SCFA Short chain fatty acid
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5.1 Introduction

Ulcerative colitis (UC) is a clinical subtype of inflammatory bowel disease (IBD) characterized
by chronic inflammation of the large intestinel. Symptoms of UC are largely shared with other
IBD subtypes, which includes abdominal pain, weight loss, fatigue, chronic diarrhea, rectal
bleeding and bloody stool?, leading to the manifestation of hallmark histological features such
as extensive loss of intestinal crypts, severe mucosal ulceration and prominent immune
infiltration3. These symptoms compromise national productivity, introducing health care and
economic burden to the society and substantially impair patients’ quality of life*°. According
to the latest statistics, UC affects approximately 5 million people worldwide®, with its
incidence rate rapidly increasing, particularly in the developing nations’, owing to the
introduction and adaptation to Western diets and lifestyles. Chronically unregulated UC is
associated with the severe complications such as toxic megacolon and colorectal cancer®?. It
has been shown that UC is the third highest risk factor for colorectal cancer development and
accounting for ~15% of deaths in UC patients!®!L,

Despite extensive research, the etiology of UC is currently unknown. However, it is
increasingly appreciated that the pathogenesis of UC is a product of complex interactions
between factors of genetic predisposition (such as familial history and risk gene loci) and
environmental stimulus (such as smoking, antibiotics and diets)2. Collectively, these complex
interactions promote immune dysregulation, which leads to increased production of reactive
oxygen species (ROS) such as hydrogen peroxide (H,0,) and superoxide anion radical (02-)*3.
Whilst physiological ROS production in the gut facilitates pathogen clearance and maintains
intestinal homeostatic balance, excessive ROS levels can cause non-specific tissue damage
and perpetuate inflammation4. Accordingly, elevated number of ROS-producing cells have
been reported in the inflamed mucosa of UC patients'®. This is associated with increased
oxidative damage evident in significantly higher deoxyribonucleic acid (DNA) damage marker
8-hydroxyguanosine (8-OHdG) and lipid peroxidation marker malondialdehyde (MDA) and 4-
hydroxynoneal (4HNE) in both colon tissue and serum samples of patients with UC'®1°
highlighting the altered oxidation-reduction (redox) state in the gut.

In mammalian cells, the level of ROS is intricately regulated by the master antioxidant
response transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2)?°. For example,
cellular O, are converted to H,0; by the antioxidant response element superoxide dismutase
(SOD)?%, whilst catalase and glutathione peroxidases (GPx1-4) convert the reactive peroxide
to water?2. Concurrently, heme oxygenase-1 (HO-1) expression regulated by Nrf2 signaling,
degrades free heme to form anti-inflammatory carbon monoxide, bilirubin and iron?3.
However, in addition to elevated oxidative stress, diminished antioxidant capacity and
antioxidant enzyme expression have also been documented in patients with UC. For example,
the study by Rana et al. reported significantly lower level of glutathione and decreased SOD
expression in the blood of UC patients?*, whilst reduced serum expression of total GPx was
observed by Akman et al.?>. Collectively, the imbalance of ROS production and antioxidant
capacity serve as constant stimulus to trigger immune response in the gut, which leads to
perpetuation of inflammation and exacerbation of tissue damage in the UC gut.

Lipids are fatty compounds that serve various functions in the body, including energy storage,
cell signaling, transduction regulation and formation of cellular membranes?®. The primary
lipid families present in the colon consist of short chain fatty acids, glycerolipids,
glycerophospholipids and sphingolipids?’. Glycerophospholipids phosphatidylcholine (PC)
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and phosphatidylethanolamine (PE) are the two most abundant lipid classes in the intestinal
epithelium, each contributing to cell membrane structural integrity?®. These lipids form
membrane bilayers that act as a barrier, preventing the passage of harmful substances from
entering the colonic mucosa?®>3. On the other hand, sphingolipids have been found to
maintain gastrointestinal immune balance by mediating crosstalk between the gut microbiota
and intestinal immune cells3!. Given their role in maintaining gut homeostasis and barrier
function, changes in colonic lipid composition have been emerging as an integral component
during IBD pathogenesis. Accordingly, significant wvariations in PC, ceramide and
sphingomyelin compositions have been detected in treatment-naive UC and UC patients in
deep remission3?, whilst lowered total cholesterol and elevated triglyceride (TG) levels were
also reported in IBD patients when compared to healthy controls3. Additionally, perturbed
glycerophospholipid metabolism has been shown to associate with elevated oxidative stress
and redox imbalance in various inflammatory conditions in the brain3*3>, which suggests that
similar mechanism of redox imbalance induction may be implicated in other pathologies such
as IBD. However, the links between redox imbalance and changes in colonic lipid profiles
during IBD pathogenesis are yet to be fully established.

Presently, there is no available cure for IBD. Available treatment options dampen the extent
of inflammation in the gut and are often associated with adverse side-effects such as
nephrotoxicity and neutropenia®®3’. Therefore, the use of natural products and
nutraceuticals offer promising alternative or adjunct treatment options for IBD patients owing
to their robust anti-inflammatory and antioxidant properties. Curcumin, the active ingredient
in turmeric, has been shown to inhibit nuclear factor kappa B (NF-kB) and suppress the
production of proinflammatory cytokines tumor necrosis factor alpha (TNF-a) and interleukin
(IL)-1B38, highlighting the anti-inflammatory property of this herbal product. Clinical studies
have demonstrated its efficacy in inducing and maintaining remission in patients with UC3%41,
whilst Hedyotis Diffusa, a traditional Chinese herbal medicine with anti-inflammatory and
antioxidant actions have shown to improve clinical outcomes and reduce IL-1p and IL-6
release in animal model of experimental colitis*2. Furthermore, Amomum Villosum, another
Chinese herb that originates from the ginger family has been found to enhance the intestinal
mucosal barrier and alleviate colon inflammation by activating the Nrf2 signaling pathway*3.
In the current study, the therapeutic potential of three herbal remedies: curcumin, Hedyotis
Diffusa and Amomum Villosum in restoring altered redox balance and tissue homeostasis and
their impact on the colon lipidome have been examined in a murine model of dextran sodium
sulfate (DSS)-induced experimental colitis.
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5.2 Materials and Methods
5.2.1 Chemicals & Reagents

All chemicals and reagents used in the current study were sourced with the highest quality
possible, see Supplementary Table 1 for full list of chemicals and reagents.

5.2.2 Animals

Six-week-old male C57BL/6 mice were purchased from Animal Resources Centre (Perth,
Australia) and acclimated for 7 days in The University of Sydney Laboratory Animal Service
facility at the Charles Perkins Centre before the start of experimentation. The mice were
housed in environmentally enriched husbandry cages and fed on standard chow diet with
heat-sterilized tap water available ad libitum under 12:12 h light-dark cycle at 22°C. Each
mouse was individually identified by tail marking with permanent markers. All animal
experiments and associated analyses were conducted using an approved protocol obtained
from The University of Sydney Animal Ethics Committee (Approval #1496/2019).

5.2.3 Induction of experimental colitis & Treatment administration

Acute experimental colitis was induced by the administration of DSS (CAS# 9011-18-1;
molecular range: 36-50 kDa) in accordance with previous studies from our group**. Briefly,
DSS was purchased from MP Biomedicals (cat no. 160110) and administered at 2% w/v in
drinking water to mimic the acute phase of human ulcerative colitis-like disease in mice by
inducing epithelial toxicity, which compromises gut barrier integrity and causes subsequent
infection by commensal microbiota®. Water consumption was monitored daily and fresh
mixture of DSS was replenished every 3 days.

Powdered-curcumin was acquired from Beijing Tongrentang (Sydney, Australia), whilst raw
Hedyotis Diffusa and Amomum Villosum were also purchased from the same supplier. The
dosage and administration methods for the herbs were selected based on published
literatures®8, During the acclimation phase, mice were trained to accept 100 mg of peanut
butter (PB) via oral intake to avoid an invasive oral gavage pathway for curcumin. Thus,
curcumin was administered to mice by dispersing into PB at 200 mg/kg of body weight daily.

Different to curcumin treatment, Diffusa and Villosum were administered in the form of
herbal tonics ad libitum, mimicking the consumption of herbal tea in humans. Briefly, raw
Diffusa and Villosum (10 g) were crushed and blended using a pestle and mortar before
soaking in 100 mL Milli-Q® water at 22 °C for 10 min and boiling vigorously in a clay-pot for 5
min. After boiling, concentrated tonics were cooled on ice to avoid evaporation of volatile
plant oils. Next, the tonics were filtered to remove any solid particles and additional Milli-Q®
water was added to top the volume up to 100 mL to achieve a final dosage of 100 mg raw
material/mL. The tonic teas were prepared daily and administered to the mice concomitantly
with 2% w/v DSS immediately after preparation. The physical properties of DSS dispersed in
the herbal tonic preparations were examined to ensure minimal interference to experimental
colitis induction (refer to the results section and Appendix 1 for details).

5.2.4 Experimental design

After the period of acclimation, each individually tail-marked mouse was randomly divided
into 5 treatment groups (n = 6 mice per group) summarized in Figure 5.1a and described as
below:
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I.  Control Group: Mice received standard chow diet and drinking water ad libitum and
100 mg PB administered daily (as a diet control in the absence of both the natural
product and DSS insult).

II.  DSS Group: Mice received standard chow diet and 2% w/v DSS in drinking water ad
libitum and 100 mg PB with no added drug administered daily.

[ll.  Curcumin Group: Mice received standard chow diet and 2% w/v DSS in drinking water
ad libitum and 100 mg PB with curcumin at 200 mg/kg of body weight administered
daily.

IV.  Villosum Group: Mice received standard chow diet and 2% w/v DSS dispersed in
Villosum tonic ad libitum and 100 mg PB administered daily.

V.  Diffusa Group: Mice received standard chow diet and 2% w/v DSS dispersed in Diffusa
tonic ad libitum and 100 mg PB administered daily.

In accordance with the local animal ethics protocol approval, the study was terminated after
mice were determined to have lost 15% of their original body weight or after 9 days of DSS
administration in drinking water.

5.2.5 Clinical markers & colon macroscopic evaluation

Disease progression and severity were monitored and assessed daily following the initiation
of DSS induction using previously established criteria®®>°. The monitoring process involved
assessing four gross observational parameters including body weight change, stool
consistency, presence of rectal prolapse and grooming (See Supplementary Table 2 for
detailed parameter scoring criteria). This observational data was then combined to generate
a corresponding clinical score value used for between group comparisons. Body weight loss
was recorded daily and compared to the original body weight of each respective mice from
the beginning of the experiment. Additionally, colon lengths of all mice were recorded on the
day of sacrifice to account for macroscopic changes to the gut.

5.2.6 In vivo monitoring of intestinal inflammation

Prior to sacrifice mice were anesthetized under 2% v/v isoflurane and the extents of colon
inflammation were examined in unconscious mice by in vivo imaging using in situ oxidation of
5-amino-2,3-dihydro-1,4-phthalazine-dione (luminol) as a biomarker. Systemically
administrated, redox-sensitive luminol can be oxidized by peroxidase activity or ROS such as
H>0;, Oz~ and peroxynitrite (ONOO") to yield a chemiluminescent signal with emission at Amax
= 425 nm>L. Briefly, mice were administered freshly prepared luminol [100uL of 475 nM of
luminol in sterile phosphate buffered saline (PBS), pH 7.4] via subcutaneous injection. Next,
in situ oxidation of luminol was imaged using an IVIS® Spectrum CT /n Vivo Imaging System
Chamber (PerkinElmer) and in vivo bioluminescence signal was quantified using Living Image®
(PerkinElmer) standard analysis software. Oxidized luminol was detected in the abdomen of
mice using a 3 min exposure time and 2D planar bioluminescence images were presented as
total radiance expressed in units of photon/sec/cm?/sr. Mice were euthanized after imaging
and colon and fecal tissues were harvested and snap frozen in liquid nitrogen and stored in
cryotubes at -80°C until required.

5.2.7 Tissue fixation & Slide preparation

Isolated colon tissues were fixed in 10% v/v neutral buffered formalin overnight followed by
embedding with paraffin wax. Next, embedded colon tissues were section at 5 um thickness

145



using a rotary microtome (SHANDON FINESSE 325, Thermo) and sections were collected onto
Superfrost™ Plus Microscope Slides (Thermo Scientific). Mounted slides were initially air-
dried then dried at a 37°C oven overnight. Where required, slides were blinded with randomly
generated codes and subsequently dewaxed then rehydrated before tissues were sectioned
(@ 10 pum) for histopathological, immunofluorescence (IF) and immunohistochemical (IHC)
staining analyses.

5.2.8 Histopathological analyses

5.2.8.1 Hematoxylin and eosin (H&E) staining

Dewaxed and rehydrated colon sections were stained with filtered Harris Hematoxylin for 2
min prior to rinsing thoroughly in tap water. This was followed by immersion in Scott’s blue
solution for 30 s, then differentiation in acidified alcohol for 10 s. Next, slides were stained
with eosin (1 min), prior to dehydration in 95% v/v ethanol (10 s) followed by 100% ethanol
(2x 1 min). Subsequently, the stained slides were cleared in histolene and mounted with
dibutyl phthalate plasticizer xylene (DPX) medium. Stained colon sections were imaged under
light microscopy using an Axio Lab.A1 light microscope (ZEISS) equipped with an Axiocam 105
Color Camera (ZEISS). Five imaging fields per slide were captured at 20x magnification with
Zen Blue Software (v.3.8, ZEISS).

5.2.8.2 Histoarchitectural and dysplasia analysis

Histopathological assessment was scored by three independent researchers (S.C., A.D. & G.A.)
in accordance with the pathological criteria adapted from our published study** (See
Supplementary Table 3 for detailed scoring summary). The pathological criteria accounted
for the loss of crypts, loss of surface epithelium and the extent of cellular (neutrophils)
infiltration, with each parameter scored from 0 (no damage) to 4 (severe damage). A
summation of scores from each parameter yielded the total histological score (out of 12) for
each mouse/group.

The current study also investigated the effect of DSS + intervention on colon dysplasia, an
early marker of ulcerative colitis progression to colorectal cancer. Histological criteria used in
this study was adapted from previously published literature3, as summarized in
Supplementary Table 4. The histoarchitecture of the mucosa and crypts, hyperchromaticity
and stratification of the nucleus, dystrophicity of goblet cells and presence of immune
infiltration were evaluated to get the final dysplasia score of 0 = no dysplasia; 1 = indefinite
but probably negative; 2 = indefinite but probably positive and 3 = positive dysplasia (Refer
to Supplementary Table 5 for detailed evaluation criteria). The extent of dysplasia was scored
by two independent researchers (N.S. & T.0.C) and presented as a mean score.

5.2.8.3 Alcian blue staining & Mucin production analysis

Where required, dewaxed and rehydrated colon sections were stained with Alcian Blue
Staining Solution (containing: 0.1% w/v Alcian blue in 3% v/v acetic acid, pH 2.5) for 30 min at
22°C prior to a thorough rinse with distilled water (5 min). Next, the slides were
counterstained in acetic Safranin-O solution (0.1% w/v, 10 min). Following this process, the
slides were washed again in distilled water, dehydrated through graded ethanol before being
cleared in xylene and finally cover-slipped with DPX.
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Cover-slipped slides were imaged under light microscopy at 20x objective over 5 fields of view
per sample using the same imaging system described above. Positive mucin staining was
guantified with Imagel software (v.1.54d, National Institute of Health, USA).

5.2.9 Tissue Homogenization

Isolated colon and faecal tissues were homogenized prior to lipidomic, molecular or
biochemical analyses. Briefly, snap frozen colon or fecal samples were grounded into a fine
powder with a pestle and mortar and then suspended in complete lysis buffer [containing: 50
mM PBS pH 7.4, 1 mM ethylenediamine-tetra-acetic acid, 10 uM butylated hydroxytoluene,
0.05 mM sodium azide, 1 tablet each of protease and phosphatase inhibitor cocktails] before
transferring to a 5mL Teflon-coated tube. Next a rotating Teflon-coated piston was employed
to homogenize the suspension (500 r.p.m., 5 min, 4°C). After homogenization, colon and fecal
samples were centrifuged (5000x g, 15 min,4°C) and the clarified supernatants containing
isolated proteins were collected and stored at -80°C until required. The Teflon-coated tube
and piston were thoroughly washed with 80% v/v ethanol and distilled water (30 s each)
between samples to minimize sample cross-contamination. Total protein concentration of the
colon and fecal homogenates were obtained by utilizing a commercial bicinchoninic acid assay
kit (cat no. 23225, Thermo Scientific) and individual protein data was used as a normalization
factor in subsequent molecular and biochemical analyses.

5.2.10 Colon Lipidomic Analysis

5.2.10.1 Colon lipid extraction

The colon lipid extraction was performed in a glass test tube and the protocol was adapted
from previously described methods®?3. Briefly, colon homogenates containing 0.5 mg
protein were mixed with high performance liquid chromatography (HPLC) grade methyl tert-
butyl ether, methanol (MeOH) and water (final ratio 10:3:2.5 v/v/v). An aliquot (2 pL) of
commercially acquired lipid standards (cat no. 330707-1EA, Avanti) was also added to the
samples to serve as internal standards. Next, the samples were vortexed vigorously (1 min)
with the tubes were capped with parafilm to prevent spillage, before incubating (22°C, 10
min) to facilitate phase separation. Subsequently, samples were centrifuged (1000x g, 22°C,
5 min) and the upper layer, containing non-polar lipids was collected then dried using a
vacuum concentrator overnight (SPD140DDA, Thermo Scientific). Dried pellets were stored at
-30°C until required. On the day of analysis, frozen pellets were reconstituted with 100 pL of
1:1 v/v isopropyl alcohol/MeOH solution and centrifuged (25644x g, 4°C, 10 min) before the
clarified supernatants were transferred into HPLC inserts for analysis. All samples were then
immediately loaded onto the autosampler and analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS) within 24 h of reconstitution.

5.2.10.2 Lipidomic LC-MS/MS analysis

Targeted lipidomic LC-MS/MS analysis was performed using a hydrophilic interaction liquid
chromatography column (Waters) coupled to a Q Exactive HF-X hybrid Quadrupole-Orbitrap™
mass spectrometer (Thermo Scientific) under both positive and negative electrospray
ionisation (ESI) detection mode. The flow rate of the machine was set to 0.25 mL/min and
sample injection volume was 5 pL and 10 pL for positive and negative ESI detection mode
respectively. The spray voltage was 3.49 kV and compound fragments between 100-1250 m/z
were scanned. Mobile phase A contains 10 mM of ammonium formate in 0.1% v/v formic acid
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(FA), whilst mobile phase B contains 0.1% FA v/v in acetonitrile. The top 10 most abundant
analytes at each time point were isolated.

5.2.10.3 Lipid identification & data processing

After LC-MS/MS analysis, the process of peak identification, alignment, rejection, extraction
and quantification was performed using the LipidSearch™ software (v5.0, Thermo Scientific).
Lipid species were identified by comparing m/z ratios and retention times across samples,
with the acquired data expressed as area-under-the-curve (AUC) values. The AUC value of
each analyte was normalized to internal standards before converting to concentration in
Microsoft Excel using the formula below:

AUC of identified lipid
AUC of internal standard

Lipid concentration = X Concentration of internal standard

5.2.10.4 Lipolysis assay

Lipolysis activity in colon tissues was determined by monitoring diacylglycerol (DG) and TG
levels in colon homogenates using a commercially sourced colorimetric assay kit (MAK211,
Sigma Aldrich) following the manufacture’s recommended protocol. In summary, colon
homogenates (each sample diluted to 5 mg of total protein) were incubated with
isoproterenol for 3 h at 22°C before loading onto a 384-well microplate with the reaction mix
provided. The samples were then incubated for further 3 h at 22°C in the dark. After
incubation, the sample absorbance was read at 570 nm using a microplate reader (SPARK®,
Tecan) and data was exported in Microsoft Excel to construct kinetic curves to compare
lipolysis activity.

5.2.11 Immunofluorescence & Immunohistochemical analyses

5.2.11.1 Heat-induced antigen retrieval & Peroxidase and non-specific protein blocking

All immuno-labelling steps were performed at 22°C in an opaque staining humidity chamber
unless specified otherwise. Following the dewaxing and rehydration processes, colon samples
underwent heat-induced antigen retrieval (HIAR) for 40 min by using a Decloaking Chamber
(Biocare Medical) and peroxidase and non-specific protein blocking before incubation with
primary antibodies. The HIAR process was performed inside an opaque Coplin jar containing
pH 6.0 sodium citrate-based (52369, DAKO) or 9.0 EDTA-based (S2367, DAKO) antigen
retrieval buffer (See Supplementary Table 6 for HIAR retrieval settings).

After the HIAR process, slides were cooled using a cold-water bath and rinsed thoroughly with
tris-buffer saline (TBS) and 0.1% v/v Tween® 20 (TBST) and distilled water to remove residual
retrieval solution. Next, the slides were blocked with 6% v/v H.0> for 15 min and serum free
protein block for 30 min to remove endogenous peroxidase activities and minimize non-
specific protein binding respectively.

5.2.11.2 Immunofluorescence (IF) analysis

The expression of antioxidant response proteins Nrf-2 and HO-1 were visualized via immune-
fluorescence staining with the Opal 7-Color IHC kit (NEL811001KT, Akoya Biosciences). After
peroxidase and protein blocking, colon sections were incubated with anti-Nrf-2 and anti-HO-
1 primary antibodies for 1h (See Supplementary Table 6 for antibody details and optimized
dilution). This step was followed by thorough washing (3x 2min of TBST then 1x 2min of PBS)
before incubation with Opal Polymer HRP Ms+Rb secondary antibodies obtained from the IHC
detection kit for 30 min. Subsequently, colon slides were incubated with diluted Opal 570
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fluorophore (1:50 v/v) and stained with DAPI (1:800 v/v, 10 min) in the dark to avoid photo-
bleaching. All fluorophores and the nuclear probe DAPI were obtained from the IHC detection
kit. Next, the slides were then cover-slipped with fluorescence mounting media (53023,
DAKO) and stored at 4°C until imaging. Fluorescence images were captured by an upright
microscope (Axio Scope.Al, ZEISS) equipped with an AxioCam-ICm1 camera (ZEISS) at 20x
magnifications. The intensities of Nrf2+ and HO-1+ fluorescence were analyzed in the Image)
software (v.1.54d, National Institute of Health) by using the “Freehand Selections” tool
embedded in the software. Regions of interest such as colon crypts were highlighted, and the
mean grey pixel value was obtained using the “Measure” function as biomarker for staining
intensities.

5.2.11.3 Immunohistochemical (IHC) analysis
5.2.11.3.1 IHC labelling

Redox signaling proteins SOD-1, GPx4 and lipid peroxidation marker 4HNE were assessed
using IHC labelling. Peroxidase and protein blocked slides were incubated with anti-SOD-1,
anti-GPx4 and anti-4HNE primary antibodies at 4°C overnight. The following day, primary
antibodies were removed, and slides were thoroughly rinsed with TBST and PBS before
incubating with anti-rabbit HRP conjugated secondary antibody for 45 min. After secondary
antibody incubation, the slides were washed with TBST and PBS prior to visualization with
3,3'-diaminobenzidine (DAB, 10 min) and counterstained with hematoxylin (5 s). Slides were
then washed in tap water, immersed in acid alcohol for 10 s and Scott’s blue solution for 30 s
and rehydrated in ascending series of alcohol before clearing with xylene and cover slipped
with DPX (See Supplementary Table 6 for optimized antibody dilutions). The DAB+-stained
images were captured with 10 imaging fields at 40x magnification using an Axio Lab.A1 light
microscope (ZEISS) equipped with an Axiocam 105 Color Camera (ZEISS).

5.2.11.3.2 IHC immunoreactivity score

The immunoreactivity of the IHC images were quantified using the immunoreactivity scoring
criteria, which accounts for the percentage of positive staining in the samples and the
intensity of the staining. The quantification of immune-positive cells was performed with
Imagel software (v.1.54d, National Institute of Health), before converting to the percentage
of positive staining and intensity of the IHC staining were determined in the samples using
previously published protocols®*>°, where a negative expression was scored as 0, whilst weak,
moderate and strong staining intensity were scored as 1,2 and 3, respectively. The total
immunoreactivity score, ranges from 0-12, was obtained by multiplying the percentage of
positive staining score (ranges from 0-4) by the intensity score (ranges from 0-3). The scoring
criteria for both parameters were summarized in Supplementary Table 7.

5.2.12 Molecular and biochemical analyses

5.2.12.1 Fecal calprotectin analysis

Fecal calprotectin was measured by using a commercially purchased enzyme-linked
immunosorbent assay (ELISA) kit (ab263885, abcam). The test was conducted by following
the manufacture’s recommended protocol. Briefly, fecal homogenates were thawed at 22°C
then diluted with PBS 1:20 v/v to enable accurate interpolation from the standard curve. The
samples were run in duplicates and absorbance reading was measured using a microplate
reader (Infinite M200-Pro, Tecan) at 450 nm.
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5.2.12.2 Western blotting analyses

Where required, proteins within 20 pg of heat-reduced colon homogenates were resolved on
a 4-15% Mini-PROTEAN® gel (BioRad) using a Mini-PROTEAN® electrophoresis chamber
(BioRad). Proteins were separated with constant amperage of 35 mA per gel for 45 min in
running buffer (containing: 25 mM Tris pH 8.3, 192 mM glycine and 0.1% w/v sodium dodecyl
sulphate) and Precision Plus Protein™ Kaleidoscope™ (1610375, Bio-Rad) was used as a
molecular weight marker. After separation, resolved gel was transferred onto a 0.2 um
polyvinylidene fluoride (PVDF) membrane in the Trans-Blot Turbo transferring system
(BioRad).

Next the PVDF membrane was blocked with 5% w/v skim milk before incubating with primary
antibodies: anti-Nrf2, anti-SOD-1, anti-GPx4, anti-4HNE or anti-B-actin at 4°C overnight. The
following day, membranes were washed with TBST and TBS before incubation with anti-rabbit
(polyclonal) or anti-mouse (mono-clonal) HRP-conjugated secondary antibodies for 2 h at
room temperature (optimized antibody dilutions are summarized in Supplementary Table 8).
Following incubation with secondary antibodies, protein bands were visualise using Clarity™
Western ECL Substrate. Chemiluminescent signals were captured using the ChemiDoc™
Touch Gel/Membrane Imaging System (BioRad) and densiometric intensity of the protein
bands was analyzed and normalized to B-actin to express as a relative ratio (relative
expression) using the Image Lab software (v6.1, BioRad).

5.2.12.3 Colon inflammatory cytokine analyses

Commercially available GM-CSF (0010, ELISAkit.com) and IFN-y (EKO0002, ELISAkit.com) ELISA
kits were acquired and the level of these two inflammatory markers were examined according
to manufacturer’s recommended protocols. Briefly, colon homogenates were diluted 1:10 v/v
for GM-CSF and 1:200 v/v for IFN-y analysis and absorbance reading was obtained at 450 nm
by using a microplate reader (Infinite M200-Pro, Tecan). The samples were tested in
duplicates, interpolated onto a standard curve and normalised to total protein concentration
obtained from the BCA results.

5.2.13 Statistical analysis

All data collected in the current study, apart from lipidomic analysis data were subjected to
heterogeneity and parametric testing with Shapiro-Wilk test (o error = 0.05) before
conducting statistical analysis for group-wise comparisons using GraphPad® Prism (v. 10.1.0,
GraphPad). For data sets that were identified to be parametrically distributed, one-way
analysis of variance (ANOVA) with Tukey’s post hoc multiple comparison was performed to
examine between group differences. On the other hand, Kruskal-Wallis test with Dunn’s post
hoc test was used to investigate the differences between treatment groups for non-
parametrically distributed datasets. All graphical values were expressed as mean * standard
deviation (SD) with statistical significance threshold was set to p < 0.05.

The difference in lipid concentration and composition between treatment groups were
analyzed using MetaboAnalyst (v6.0, Xia Lab). Firstly, lipid data sets were normalized to
median, log-transformed and scaled by Pareto method before outliers were identified using
Grubb’s test. To account for false positive discoveries, principal component analysis (PCA)
outcomes were tested for false discovery rate (FDR) between 0.05 and 0.1 and compared with
raw p-value (p < 0.05) obtained from GraphPad Prism embedded-multiple unpaired T-tests.
This identified that the number of statistically significant lipid species showed a strong
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dependency on FDR. Thus, one-way ANOVA with FDR of 0.05 was used to determine
statistically significant lipid species whilst PCA and orthogonal partial least squares
discriminant analysis (OPLS-DA) were used to investigate the intragroup similarities and
intergroups differences, respectively.

The screening range for differential lipids were adopted from previously published
literature>®>%, Differential lipids were identified by screening and filtering statistically
significant lipid species with two criteria derived from univariate and multivariate analyses
using the following criteria: unpaired T-test with p < 0.05 and PCA with variable importance
point (VIP) > 1.5. Metabolite-enzyme interaction network analysis was performed on
identified differential lipids using MetScape, a plugin within the Cytoscape software (v3.10.3,
Cytoscape Consortium).
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5.3 Results
5.3.1 Diffusa and Villosum tonics did not alter the physical property of DSS

To ensure that Diffusa and Villosum have minimal interaction with the DSS polymer and do
not compromise its ability to induce colon inflammation and experimental colitis, the physical
properties of DSS in the presence of these two herbal tonics were analyzed using polarimetry
and size exclusion chromatography with multi-angle light scattering analysis (SEC-MALS).
Polarimetry analysis showed no significant difference in optical rotation at 546 nm when DSS
were mixed with Diffusa or Villosum tonics when compared with DSS was dissolved in water
alone (p > 0.005, Supplementary Figure 5.1a). Whilst there was no significant difference in
angle of rotation at 578 nm between DSS in Diffusa tonics and DSS in water (p> 0.05), a
significantly different optical rotation was observed when DSS was mixed with Villosum tonics
at the same wavelength (p = 0.157, Supplementary Figure 5.1a). However, the dark color of
the herbal tonic may have affected the optical measurements.

To ascertain changes observed above, SEC-MALS was performed to examine the molecular
distribution of polymeric DSS * the presence of herbal tonics. As shown in Supplementary
Figure 5.1b, DSS in Diffusa and Villosum tonics displayed identical elution peak profiles and
distribution when compared to DSS in water alone, indicating that the molecular weight of
DSS remained comparable in both water and herbal tonics. Furthermore, the continuous
availability of DSS in the drinking water of mice suggests that altered physical properties of
DSS are unlikely to account for the protective effects of these herbal treatments.

5.3.2 Herbal remedies alleviated DSS-induced experimental colitis symptoms.

The use of oral DSS supplementation in drinking water has been shown to elicit colon
epithelial toxicity, which compromises intestinal barrier integrity, resulting in the formation
of acute inflammation and colitis in mice®°. As anticipated, mice stimulated with DSS/drinking
water exhibited a marked reduction in body weight starting from day 5, whilst body weight
for mice not insulted with DSS (control) continued to increase over the 9-day monitoring
period (yielding an average 101.9% + 3.6% of their original body weight). In contrast, a
significantly lower body weight was recorded in mice that were insulted with DSS alone
compared to the control (p = 0.007) (Figure 5.1b). Conversely, mice treated with Diffusa tonic
exhibited the least weight loss, averaging 97.2% of their original body weight, whilst curcumin
powder and Villosum tonic treatments showed moderate improvement to body weight,
averaging 92.39% and 94.61% of the body weight prior to DSS induction, respectively. This
difference in body weight obtained for mice co-treated with DSS and natural products was
not significantly different to either the DSS or control groups (p> 0.05, Figure 5.1c).

The clinical score of DSS-stimulated mice increased from Day 3, reaching an average of value
3.3 by the end of the monitoring period. On the contrary, the clinical score in the absence of
DSS, or in mice treated with herbal interventions remained negligible over the same period
(Figure 5.1d). At the day of sacrifice, a significantly higher clinical score was observed in mice
challenged with DSS when compared to the control group (p < 0.0001). The administration of
Diffusa and Villosum tonics resulted in significant decreases in clinical scores when compared
to the DSS group, with mice averaging clinical scores of 1.75 (p = 0.0004) and 0.25 (p < 0.0001),
respectively. In mice that received curcumin treatment, a marginally lower clinical score
(mean 2.4) was observed by Day 9 however, this difference was not statistically significant
when compared to the DSS group (Figure 5.1e).
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Oxidation of luminol in the gut was used as an indirect marker to measure the extent of colon
inflammation in vivo. As shown in Supplementary Figure 5.2a, a visibly stronger luminescence
signal was observed in the DSS treated mice, whilst markedly weaker luminescence signals
were detected in mice treated with curcumin, Diffusa and Villosum. Minimal luminescence
signal was observed in the control mice, consistent with the maintenance of physiological
homeostasis in this group. Quantification of luminescence signals identified changs in some
of treated animals and did not reach statistical significance (p > 0.05). Notably, there was a 2-
fold increase in luminescence signal in the DSS group. The administration of curcumin powder
or Diffusa or Villosum tonics resulted in a ~50% reduction in luminescence signals, with the
Villosum-treated mice showing the most noticeable decrease (Supplementary Figure 5.2b),
suggesting a reduction in inflammatory burden in the colon.

Macroscopic examination showed severe and visible inflammation of colons isolated from
DSS-treated mice, characterized by the presence of hemorrhage and inflammatory oedema
of the colon tissue (indicated by green and red arrow respectively, Figure 5.1f). Treatment
with curcumin, Diffusa and Villosum alleviated macroscopic damage, where isolated colon
tissues exhibited largely intact morphology with an absence of obvious hemorrhage. Colon
length was used as a secondary marker for macroscopic colon damage. As shown in Figure
5.1g, DSS insult resulted in lower mean colon length when compared to the control group,
albeit this was not statistically significance (p > 0.05).

Next, fecal calprotectin, a colon inflammatory marker, was investigated. DSS stimulation
resulted in significantly higher calprotectin levels in stool that that detected in stool from the
control group (p = 0.002). Treatment with herbal tonics mitigated such elevation, albeit this
was not statistically significant (p > 0.05, Figure 5.1h). Collectively, these outcomes
demonstrated that DSS supplementation in water caused extensive colon inflammation in
parallel with declining body weight and greater clinical score, whilst treatments with herbal
medicine curcumin, Diffusa and Villosum improved the clinical scores.
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Figure 5.1. The efficacy of herbal remedies treatment on DSS-induced UC-like
experimental colitis. (a). male C57BL/6 mice at 6 weeks of age were randomly into: i).
Control group; ii) DSS group, dextran sodium sulfate (DSS) at 2% w/v was
supplemented in drinking water; iii). Curcumin Group, 200 mg/kg of curcumin powder
in 100 mg of peanut butter (PB) daily; iv). Diffusa Group, 2% w/v DSS was
supplemented in Diffusa tonic; v). Villosum Group, 2% w/v DSS was supplemented in
Villosum tonic. (b). Percentage of original body weight throughout the experiment.
(c). Percentage of original body weight at the day of sacrifice. (d). Clinical score
throughout the experiment. (e). Clinical score at the day of sacrifice. (f).
Representative images of isolated colons from different experimental groups. Red
arrow shows the presence of inflaimmatory oedema and green arrow indicates
hemorrhage. (g). Isolated colon length recorded at the day of sacrifice. (h).
Calprotectin level in the stool samples. Graphical values represent mean + SD or mean
+ SD when error bars were below 0 with n = 6 mice per group. Normalcy of the
collected data was analysed using Shapiro-Wilk test and group differences were
analysed using one way ANOVA with Tukey’s multiple comparison and Kruskal-Wallis
test with Dunn’s multiple comparison for parametric and non-parametric data sets
respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Author
contributions: K.X — Validation, methodology, formal analysis, data curation, T.0.C —
Formal analysis, S.C — Investigation, data curation.
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5.3.3 Herbal remedies restored DSS-induced colon histoarchitectural damage and
maintained mucin production

Hematoxylin and eosin (H&E) staining was used to identify colon histoarchitectural damage
induced by DSS insult. As shown in representative images from Figure 5.2a, tissues isolated
from the control mice present with intact surface epithelium and cryptic structure,
accompanied with an absence of cellular infiltration in the mucosal and submucosal regions
of the colon. On the contrary, colon tissues from mice insulted with DSS exhibited extensive
epithelial erosion, inflammatory cell infiltration and complete loss of the cryptic structure.
Herbal treatment of curcumin, Diffusa and Villosum resulted in improved colon
histoarchitecture, where more preserved surface epithelium and cryptic structures and
reduced immune infiltration were detected in colon tissues isolated from these groups (see
black arrow indicate the presence of inflammatory cell infiltration on the representative
images).

The H&E-stained images were also evaluated semi-quantitatively, with a focus on crypt and
surface epithelium loss and the extent of cellular (neutrophil) infiltration. When compared to
the control group, mice insulted with DSS exhibited a significantly greater extent of crypt (p <
0.0001, Figure 5.2c) and surface epithelium loss (p < 0.0001, Figure 5.2d). These
histoarchitectural changes were accompanied by significantly enhanced neutrophil
infiltration in the colon (p < 0.0001, Figure 5.2e). Mice treated with curcumin and Diffusa
demonstrated significantly lower extents of crypt loss (p = 0.001 and p < 0.0001 respectively,
Figure 5.2c), whilst mice that received Villosum tonic exhibited a significantly lower neutrophil
infiltration (p = 0.02, Figure 5.2¢) in addition to diminished crypt loss (p < 0.0001, Figure 5.2c).

Mice from the control group showed no evidence of dysplasia-associated morphological
change whereas, mice insulted with DSS presented with hyperchromatic and enlarged nuclei,
both considered as features of dysplastic colon tissue. Improved dysplasia-associated
histoarchitectural changes were observed in mice treat with curcumin, Diffusa and Villosum,
with varying degree of normal goblet cell morphologies and epithelial cell stratification in
these corresponding colon tissues (Figure 5.2a). These changes were reflected in the
guantification of the dysplasia score, where DSS-treated mice exhibited significantly (6-fold)
higher dysplasia score than mice from the control group (1.3 vs. 0.22, p = 0.01, Figure 5.2f).
Conversely, the dysplasia scores in the mice from the curcumin, Diffusa and Villosum treated
groups were somewhat decreased, albeit that these differences did not reach statistical
significance (p > 0.05 vs DSS group).

Next, the extent of Alcian blue and Safranin-O staining was investigated to evaluate the
impact of different herbal treatments on mucus producing goblet cells. Concomitant with
extensive colon histoarchitectural damage observed in mice insulted with DSS alone, a visibly
weak Alcian blue*-staining was consistently observed in the same colon tissues (Figure 5.2b).
This outcome was confirmed by quantitative analysis of Alcian blue*-staining, where Alcian
blue* intensity was significantly lower than in colon tissues taken from the corresponding
control mice (p = 0.0042, Figure 5.2g). In mice treated with herbal interventions curcumin,
Diffusa and Villosum, higher mean mucin production was observed when compared to the
DSS group. However, the percentage (%) of Alcian blue*-staining from all three treatment
groups was not significantly different when compared to the DSS group (p > 0.005, Figure
5.2g).
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Together, these findings suggest that DSS insult resulted in extensive colon histoarchitectural
disruption, immune infiltration and impaired goblet cell-mucin production, while
supplemented curcumin, Diffusa and Villosum inhibited crypt loss induced by DSS.
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Figure 5.2. Histoarchitectural analysis of colon. (a). Representative images of
hematoxylin and eosin (H&E) staining isolated mouse colons. Black arrows highlight
the presence of immune infiltration. (b). Representative images of Alcian blue and
Safranin O staining for goblet cells and mucin in mouse colons. Images were captured
using Axiocam 105 Color camera at 20x magnification. Scale bar = 50 um. Average
histoarchitectural pathological score of (c). Crypt loss. (d). Surface epithelium loss. (e).
Cellular infiltration and (f). Dysplasia. (g). Quantification of positive staining for Alcian
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blue is expressed as % of positive stain vs. colon area. Graphical values represent
mean + SD or mean + SD when error bars were below 0 with n = 6 mice per group.
The normalcy of the collected data was analysed using Shapiro-Wilk test and group
differences were analysed using one way ANOVA with Tukey’s multiple comparison
and Kruskal-Wallis test with Dunn’s multiple comparison for parametric and non-
parametric data sets respectively. * p < 0.05, ** p <0.01, *** p <0.001 and ****p <
0.0001. Author contributions: K.X — Investigation, validation, methodology, formal
analysis, data curation, T.0.C — Validation, formal analysis, data curation, N.S, S.C &
A.D — Investigation, formal analysis.

5.3.4 Identification of lipid species in the colon

Targeted lipidomic LC-MS/MS analysis was used to identify lipid species extracted from
isolated colon samples, where a total of 786 lipids, spanning 12 lipid classes were identified
(Figure 5.3a). In the current study, lipid species belonging to the cholesterol (unesterified and
esterified) and monoacylglycerol classes could not be reliably detected and were therefore
excluded from analysis. The remaining lipid classes were detected and validated using the
corresponding internal standards. Of the 12 identified lipid classes, further categorization
afforded collation of lipid identities into 4 distinct lipid families. It was determined that
glycerophospholipids comprise most of colonic lipids (~60.3%). Glycerolipids were the second
most abundant lipid class in the colon, making up to ~29.6% of the total lipid species routinely
detected, followed by sphingolipids and steroids, comprising ~9.3% and ~0.8% of the total
species analyzed, respectively (Figure 5.3b).

Initially, to evaluate differences in lipid composition among treatment groups, a PCA
approach was employed to reduce the complexity of analyses by minimizing the number of
variables whilst retaining as much information as possible. As shown in Figure 5.3c and d,
samples within each treatment group were clustered together, with distinct trends observed
between groups, indicating differences in lipid profiles between control and different
treatments. Notably, the control group showed a tight cluster of data, whereas DSS-treated
mice exhibited a broader distribution, suggesting a potential shift in lipid profiles in colons
from mice with experimental colitis. Treatment with curcumin, Diffusa and Villosum resulted
in varying degrees of change for the same lipid profiles. Thus, although the profiles in mice
treated with natural products were in general markedly different to that in mice insulted with
DSS alone, they remained somewhat different to the corresponding control group.

To further investigate group differences, an OPLS-DA model was constructed, where the
generated T score measures the extent of variation between the different treatment groups.
Despite a small overlap in the 95% confidence regions, DSS-insulted mice displayed a distinct
separation when compared to the control mice (Figure 5.3e), confirming the changes in lipid
composition determined from the PCA study. In mice that received herbal medicine
treatments, curcumin and Villosum exhibited the clearest distinction from mice treated with
DSS alone (Figure 5.3f and h), whilst a small overlap in 95% confidence regions in the Diffusa
group was observed when compared to the DSS group alone (Figure 5.3g).

The lipid species with significant alteration across groups were identified using one way
ANOVA with an FDR setting at 0.05. From a total of 786 identified lipid species, 165 distinct
lipids showed statistically significant differences (Figure 5.3i).
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Figure 5.3. Lipid species identification via LC-MS/MS analysis. Targeted lipidomic LC-
MS/MS was performed using a hydrophilic interaction LC column coupled to a Q
Exactive HF-X Quadrupole-Orbitrap™ mass spectrometer and lipid species were
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identified using the LipidSearch™ software v5.0. (a). The proportion of lipid classes of
diacylglycerol  (DG), phosphatidylglycerol (PG), phosphatidylcholine (PC),
lysophosphatidylcholine (LPC), triacylglycerol (TG), phosphatidylinositol (Pl),
phosphatidylethanolamine (PE), sphingomyelin (SM), phosphatidic acid (PA),
phosphatidylserine (PS) and lysophosphatidylethanolamine (LPE) and choline
esterase (ChE) identified from mass spectrometry. (b). The proportion of lipid families
of glycerolipid, glycerophospholipid, sphingolipid and steroid identified from the
analysis. (c). 2D PCA scatter plot and (d). 3D PCA scatter plot of colon lipidome from
different experimental groups. 2D OPLS-DA scatter plot between DSS Group and (e).
Control group. (f). Curcumin Group. (g). Diffusa Group. (h). Villosum Group. (i).
Statistically significant lipids in colon samples of all experimental groups identified by
one way ANOVA with FDR set to 0.05. n = 6 mice per group apart from the Curcumin
Group and Villosum Group of n =5 mice per group due to 1 sample was identified as
outlier from each of these two groups. Graphs were generated from MetaboAnalyst
v6.0 and colours with figures consistently correspond to the , , Curcumin,

and groups. Authors contributions: K.X — Investigation, validation,
methodology, formal analysis, data curation, T.0.C — Investigation, validation, data
curation, N.S — Validation, formal analysis, LH & X.W - Investigation, C.T —
Methodology, software.

5.3.5 Distinct changes in lipid composition in colons from DSS-treated mice

We next investigated statistically significant differential lipids between DSS and control
groups to account for changes in lipid profiles that may be implicated in DSS pathophysiology.
The screening of statistically significant lipids using T test-derived p-values and PCA-derived
VIP scores identified 77 differential lipids from the initial screen of 165 species. The number
of differential lipids determined by each screening criteria are shown in Supplementary Table
9 and listed extensively in Supplementary Table 5.10. A sub-analysis of the 77 identified
differential lipids identified 11 distinct lipid classes (Figure 5.4a), with a majority being
glycerophospholipids (~81.8%, Figure 5.4b). The remaining lipid species were from
glycerolipid (~¥13%) and sphingolipid (~5.2%) families as shown using a heat map (Figure 5.4c),
that highlights the substantial alterations in lipid species in colons from mice from treated
with DSS alone. Specifically, an increase in PE and phosphatidylserine (PS) species is evident,
whilst a decrease in PC, lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine
(LPE) species was also determined. Taken together these outcomes indicate a potential role
of glycerophospholipids in the pathogenesis of DSS-induced experimental colitis. Notably,
alteration to the glycerolipid lipid family were also identified, with lower abundance of some
DG and TG species identified in DSS-insulted mice.

Next, key metabolic pathways involving these differentially expressed lipids were determined
by MetPa, an analysis plugin embedded within the most recent version of MetaboAnalyst
software available. Overall, the data implicated the involvement of 3 primary metabolic
pathways (Figure 5.4d). Among the pathways identified, glycerophospholipid metabolism was
found to be extensively impacted, as indicated by its high statistical significance (p =
0.0025433) and pathway impact score (0.21708) (Supplementary Figure 5.3a and
Supplementary Table 5.11). The metabolic pathways of glycosylphosphatidylinositol anchor
biosynthesis and a-linolenic acid metabolism was also found to be significantly altered
(Supplementary Figure 5.3b & c and Supplementary Table 5.11).

159



Metabolic interaction network analysis was then performed to highlight the interconnections
between altered lipid species, enzymes and their associated genes. As highlighted by Figure
5.4e, 4 lipid species (DG, PE, LPC and PC) were central to the disrupted enzymatic processes
observed in the mice insulted with DSS, which reinforces the involvement of
glycerophospholipids and glycerolipids metabolism during experimental colitis. Together,
these outcomes demonstrate that DSS insult induced profound lipidomic alteration in the
colon, particularly in glycerophospholipid metabolism.

160



a
@ Differential Lipid Classes

Opc ETG HPA ©
Pl OPS : i
::g EPE ELPE DSS vs. Control Hierarchical Heatmap
ELPC @AsM I . Group
sm::j:;: Control
DSS

2

(b) Differential Lipid Families e

PE(18:1e)

[ Glycerolipid LPC(18:1e)|
B Glycerophospholipid s
B Sphingolipid LPE(4:1)

Lrc(ron) y
(d) :.;g:zuz: I | 1
DSS vs. Control Metabolic Pathway Impact Lpcao-) :
LPC(24:2)| 1
LPC(22:3)|
267  Glycerophospholipid Metabolism —. o ain
TG(20:3_18:2_22:6)|

TG(22: & !
TG{18: 22:
2.4 PE(Z0:0_18:1)

0G{34:1_18:1)]
PS{16:0_18:2)]
2.2

PS{16:0_226)

. PE{18:2_22:6);
\ PS{20:4_20:4)
o PS{17:0 20:4)

1} PS{18:1_18:2)| —
i i = PS{18:1_18:1)]
Anchor Biosynthesis DG{HE_24:1)
PGi{18:1_24:0)
PSi22:4_22:6)|
PH18:1_18:2
1.8 ese160)

-log, (p-value)
[ ]
o
T

SM(d34:2)

PH18:1_22:6), E
1.6 PIfZ0:4_20:4) =
/u-LinoIenic Acid Metabolism PC(d2:6e))

o]

1.4~
i T i T |
0.00 0.05 0.10 0.15 0.20
Pathway Impact

) DSS vs. Control Metabolite-Enzyme Interaction Network

]

(r2c)
Input

i &
Enzyme Node hi E e xcl::mmg:i_ /,a @@ 4 @

ot
e, )

Compound Node @ @ @
i,
-

Relity.ggter (cellulf ol binding gratein)
Reaction Node Rt (celllr e maligcing groles

&

Gene Node Tyt gy o

Di chrol
d-din:ﬁl ferase

shoty

ol
®

@¢fee
OO

Expansion

/

Feanerases

=

®

s ]
@ ENP-Han-Man -M\M-P\

®
(5]

@

&

Fhosphaigy)

Figure 5.4. Differential lipids between Control and DSS Groups. Targeted lipidomic LC-
MS/MS on colon homogenates was performed using a hydrophilic interaction LC
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column coupled to a Q Exactive HF-X Quadrupole-Orbitrap™ mass spectrometer and
lipid species were identified using the LipidSearch™ software v5.0. (a). The proportion
of differential lipid classes and (b). The proportion of lipid families identified by
lipidomic analysis. (c). Hierarchical heatmap of identified differential lipid species. (d).
Metabolic pathway impact scatter plot. (e). Metabolite-enzyme interaction network
of identified differential lipids between Control and DSS Groups. n = 6 mice per group
apart from the Curcumin Group and Villosum Group of n = 5 mice per group due to 1
sample was identified as outlier from each of these two groups. Heatmap and scatter
plots were generated from MetaboAnalyst v6.0 and network interaction analyses
were performed in MetScape. Authors contributions: K.X — Investigation, validation,
methodology, formal analysis, data curation, T.0.C — Investigation, validation, data
curation, N.S — Validation, formal analysis, LH & X.W - Investigation, C.T —
Methodology, software.

5.3.6 Modulation of colonic lipid composition by herbal treatments

Differential lipid analysis demonstrated changes in the colon lipidomes in mice that received
curcumin, Diffusa and Villosum herbal treatments. The number of differential lipids
determined by each screening criteria are shown in Supplementary Table 5.9 and listed in
Supplementary Table 5.12-14. In curcumin-treated mice, 60 lipid species spanning 10 lipid
families were determined to be differential accumulated (Figure 5.5a). Of these 60 lipids,
~63.3% were allocated to the glycerophospholipid family, ~35% glycerolipids and ~1.7% were
from the sphingolipid family (Figure 5.5b). Identical analyses of colon lipid extract from the
Diffusa and Villosum-treated mice identified 36 and 53 lipid species, respectively that differed
in concentration when compared to DSS-insulted mice (Figure 5.5c & e). The pattern of
differential lipid accumulation between DSS-insulted mice and mice that received
DSS+Diffusa tonic were further categorized into 4 lipid families (glycerolipid,
glycerophospholipid, sphingolipid and steroid) at varying proportions (~19.4%, ~75%. ~2.8%
and ~2.8%, respectively), whilst only lipids from the glycerolipid and glycerophospholipid
families (~20.8% and ~79.2% respectively) were detected in differential lipid analysis that
compared mice treated with DSS alone or DSS+ Villosum (Figure 5.5d &f).

The difference in lipid expression profiles between DSS and curcumin groups was highlighted
by the hierarchical heatmap shown in Figure 5.5g. Under these conditions, decreased TG, LPE
and LPC lipid species were again observed in the curcumin treated mice. Notably, an increased
abundance of PE lipids was also observed in these mice, a group of lipids that was found to
have significantly lower concentration in the DSS-treated mice when compared to the
controls. This outcome for PE suggested a potential restoration of PE lipid compositions in
mice that received curcumin powder. Subsequent MetPa analysis determined that metabolic
pathways associated with glycerophospholipid metabolism, glycosylphosphatidylinositol
anchor biosynthesis and a-linolenic acid metabolism were significantly affected (Figure 5.5i,
Supplementary Figure 5.4a-c and Supplementary Table 5.15), whilst complementary
interaction network analysis demonstrated that the lipid species of PE, PC LPC and TG-
associated enzymatic processes were disrupted (Supplementary Figure 5.5). In mice that
received DSS+Diffusa tonic, no prominent trend in differential lipids was observed and
metabolic pathway and interaction network analyses could not be performed as less than 3
metabolites were matched with the identified differentially expressed lipids and hence
further analyses would not provide meaningful outcomes (Supplementary Figure 5.6).
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With regards to mice that received DSS+Villosum tonic, a marked increase in DG
concentrations, along with moderate decrease in LPC, LPE and phosphatidylinositol levels was
observed (Figure 5.5h). The changes of lipid concentration were shown to associate with
significantly altered glycerophospholipid metabolism, glycophosphatidylinositol anchor
biosynthesis and glycerolipid metabolism pathways (Figure 5.5, Supplementary Figure 5.7a-
¢ and Supplementary Table 5.15). Furthermore, interaction network analysis demonstrated
that enzymatic processes associated with lipid species of phosphatidate, PE, LPC and DG were
significantly impacted (Supplementary Figure 5.8). Overall, these outcomes indicated that
herbal treatments, particularly curcumin and Villosum co-administered with DSS significantly
modulated lipidomic alterations induced by DSS alone, with the glycerophospholipid
metabolic pathway consistently identified to be impacted across all treatment groups.
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Figure 5.5. Differential lipids between DSS and herbal remedies treated groups.
Targeted lipidomic LC-MS/MS on colon homogenates was performed using a
hydrophilic interaction LC column coupled to a Q Exactive HF-X Quadrupole-
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Orbitrap™ mass spectrometer and lipid species were identified using the
LipidSearch™ software v5.0. (a). The proportion of differential lipid classes and (b).
The proportion of differential lipid families identified between DSS and Curcumin
Group. (c). The proportion of differential lipid classes and (d). The proportion of
differential lipid families identified between DSS and Diffusa Group. (e). The
proportion of differential lipid classes and (f). The proportion of differential lipid
families identified between DSS and Villosum Group. (g). Hierarchical heatmap of
identified differential lipid species between DSS and Curcumin Group and (h).
Between DSS and Villosum Group. (i). Metabolic pathway impact scatter plot of
identified differential lipids between DSS and Curcumin Group and (j). DSS and
Villosum Group. n = 6 mice per group apart from the Curcumin Group and Villosum
Group of n =5 mice per group due to 1 sample was identified as an outlier from each
of these two groups as judged using the outlier test in GraphPad prism. Graphs were
generated from MetaboAnalyst. Authors contributions: K.X — Investigation, validation,
methodology, formal analysis, data curation, T.0.C — Investigation, validation, data
curation, N.S — Validation, formal analysis, LH & X.W - Investigation, C.T —
Methodology, software.

5.3.7 Validation of DG and TG lipolysis activity in the colon homogenates

In addition to altered glycerophospholipid metabolism identified above, substantial changes
to glycerolipid species were also consistently observed in mice allocated to the herbal
treatment groups. To validate the involvement of glycerolipids in DSS-induced experimental
colitis, determination of hormone-sensitive lipase (HSL) was performed. As indicated from
Figure 5.6a, DSS supplementation in drinking water significantly lowered colon HSL activity (p
< 0.0001), whilst treatments with curcumin, Diffusa and Villosum significantly increased HSL
activity in the colon tissue, returning to levels like the control group (p < 0.0001 for all three
treatment groups vs DSS).

These outcomes were paralleled to the lipidomic findings, where significantly higher
abundance of DG lipids was observed in mice that received curcumin, Diffusa and Villosum
treatments (p < 0.0001 for all three treatment groups compared to DSS group, Figure 5.6b &
d). The abundance of TG lipid species was found to be significantly increased in the DSS-
challenged mice when compared to the healthy controls (p < 0.0001), whilst a marginal shift
towards normal TG level was observed in the DSS+curcumin and DSS+Villosum groups,
coinciding with the outcomes of the lipolysis assay. Notably, the lipidomic analysis outcome
on TG species in the DSS+Diffusa group did not match the findings of the lipolysis assay, where
a significant lower abundance of TG lipids was observed in the colon tissues (p < 0.0001, Figure
5.6¢c & e). Nevertheless, results from the lipolysis assay generally validated the findings from
differential lipidomic analyses, which reinforces the influence of herbal medicine in the colon
lipidome of mice with experimental colitis.
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Figure 5.6. Validation of glycerolipid levels in the colon homogenates using a
commercially available lipolysis assay kit. (a). Hormone-sensitive lipase activity
examined by lipolysis assay. (b). Box and whisker plot of differential DG and (c). TG
changes identified from lipidomic analysis. (d). Correlation graphs showing
relationship between DG and (e). TG changes and HSL activities from different
experimental groups. Graphical values represent mean + SD n = 6 mice per group
apart from the Curcumin Group and Villosum Group of n = 5 mice per group due to 1
sample was identified as outlier from each of these two groups. The normalcy of the
collected data was analysed using Shapiro-Wilk test and group differences were
analysed using one way ANOVA with Tukey’s multiple comparison and Kruskal-Wallis
test with Dunn’s multiple comparison for parametric and non-parametric data sets
respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Authors
contributions: K.X — Investigation, validation, methodology, formal analysis, data
curation, T.0.C — Investigation, validation, data curation, N.S — Investigation,
validation, formal analysis, L.H — Investigation.
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5.3.8 Herbal treatments upregulate HO-1 expressions in the DSS-insulted colons

The expressions of antioxidant response master regulator Nrf2 and its downstream
antioxidant enzyme HO-1 were examined with IF analysis. As shown in Figure 5.7a, Nrf2*-
staining was observed in the cytoplasm and nuclei across all experimental groups. The merged
images highlighted that DSS insult did not result in any visible changes in colonic Nrf2
expressions when compared to the controls, whilst minimal difference in localization and
expression of Nrf2 was also observed in mice that received DSS + one of curcumin, Diffusa or
Villosum treatments. Quantification of Nrf2 staining intensity was performed using Image)
software, where no statistical difference in Nrf2 expression was reported across all groups (p
> 0.05, Figure 5.7b). This outcome was reinforced by Western blot analysis, in which it
confirms the presence of Nrf2 proteins in colon homogenates, with no statistical difference
in expression levels across all treatment groups (Figure 5.7c and d).

The expression of antioxidant enzyme HO-1 was found to primarily localized to the cytoplasm,
with small population of cells also exhibited nuclear expression. When compared to the
colons of control mice, colon tissues from DSS-insulted mice exhibited a slightly weaker
staining of HO-1. Conversely, co-treatment with curcumin, Diffusa or Villosum in the presence
of DSS resulted in stronger staining with more prominent nuclear localization of HO-1 (Figure
5.7e). Staining intensity quantification analysis showed a significantly higher intensity of HO-
1 in the colons of mice that received curcumin and Diffusa treatments, suggesting a potential
upregulation of this enzyme in response to DSS-induced colitis (p = 0.008 and p = 0.04
respectively). Whilst mice treated with DDD+Villosum also exhibited higher staining intensity
of HO-1 in the colons, this difference was not statistically significant when compared to the
DSS group (p > 0.05, Figure 5.7f). Collectively, these findings suggests that curcumin and
Diffusa may dampen DSS-induced experimental colitis symptoms by exerting antioxidant
effects through HO-1 pathway activation.
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Figure 5.7. The effect of herbal medicines on Nrf2/HO-1 signaling pathway. (a).
Representative images of immunofluorescence (IF) labelling of Nrf2. (b).
Quantification of Nrf2* staining intensity. (c). Western blot analysis Nrf2 protein in
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colon homogenates from different experimental groups. (d). Semi-quantitative
analysis of Nrf2 expression from Western blot analysis (e). Representative images of
IF labelling of HO-1. IF images were captured at 20x magnifications using Axio
Scope.A1 fluorescence microscope with AxioCam-ICm1 camera. Scale bar = 50 um.
Graphical values represent mean * SD with n = 6 mice per group. The normalcy of the
collected data was analysed using Shapiro-Wilk test and group differences were
analysed using one way ANOVA with Tukey’s multiple comparison and Kruskal-Wallis
test with Dunn’s multiple comparison for parametric and non-parametric data sets
respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Author
contributions: K.X — Investigation, validation, methodology, formal analysis, data
curation, S.C — Investigation, formal analysis, B.L.W — Investigation.

5.3.9 Herbal remedies modulate redox balance and alter pro-inflammatory cytokine profiles
in DSS-stimulated colons.

The antioxidant properties of curcumin, Diffusa and Villosum in DSS-insulted colons were
further explored using IHC staining. SOD1 is an antioxidant enzyme that catalyzes the
conversion of Oz into H20; and genetic polymorphism of SOD1 has been shown to decrease
the risk of UC development®. As shown in Figure 5.8a, distinct cytoplasmic staining of SOD1
was observed in cells in the crypts, with no visible difference in SOD1 expression between all
groups. Albeit not reaching statistical significance, a mild increase in SOD1 staining score was
reported when compared to the control group, whilst DSS+Villosum treatment resulted in a
significant decrease in SOD1* staining score, suggesting the potential modulation of this
antioxidant response enzyme in the presence of the herbal tonics (p = 0.0356, Figure 5.8b). A
trend towards reduced SOD1* staining score was observed in the DSS+Difussa group.
However, this change in staining score was not significant when compared to the DSS group
(p>0.05, Figure 5.8b). Western blot analysis on colon homogenates confirmed the expression
of SOD1 in the tissue (Figure 5.8e). As indicated in Figure 5.8f, DSS supplementation in water
reduced relative colonic SOD1 expression whilst treatments with curcumin, Diffusa and
Villosum did not affect this trend (p > 0.05).

The colonic staining scores for another Nrf2 regulated antioxidant enzyme, GPx4 were
decreased in mice that were treated with curcumin, Diffusa and Villosum, although these
changes were not significantly different to all groups (p > 0.05, Figure 5.8a & c). Western blot
analysis confirms the expression of this enzyme at ~23 kDa and displayed similar trends of
expression to the outcomes observed in IHC staining (Figure 5.8g & h). Overall, findings on
antioxidant proteins and lipid peroxidation markers suggest that herbal products curcumin,
Diffusa and Villosum exert antioxidant effects in the DSS stimulated colon to varying degrees.
The discrepancy in expressions between IHC and western blot analysis may be due to the use
of homogenized total colon tissue forimmunoblotting, which includes both inflamed and non-
inflamed areas whilst IHC analysis focused on colon tissue at the site of damage.

The lipid oxidation biomarker 4HNE displayed diffuse staining congregated near the surface
epithelium of the colon tissues (Figure 5.8a). In the DSS-insulted group, the staining of 4HNE
was stronger and extended deeper towards the submucosa regions of the colon. In support
of this outcome, quantification analysis of 4HNE demonstrated a significantly increased
4HNE* staining score in the DSS group when compared to the controls (p = 0.0432, Figure
5.8d). Conversely, the extension of 4HNE* staining toward the submucosal regions were less
pronounced in mice that received curcumin, Diffusa and Villosum treatments (Figure 5.8a),
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with trends of reduction in 4HNE* staining scores to the level similar to the control group (p >
0.05, Figure 5.8d). Western blot analysis on colon homogenates led to the visualization of 5
prominent 4HNE+ protein bands at ~12, ~15, ~25, ~50 and ~125 kDa (Figure 5.8i). Despite not
being statistically significant, lower relative 4HNE expressions were observed in both the DSS
and herbal medicine treated groups (p > 0.05, Figure 5.8j).

Lastly, the effect of herbal treatments on the extent of colon inflammation was examined by
ELISA of GM-CSF and IFN-y. A higher mean GM-CSF level was observed in mice that were
challenged with DSS. However, this change was not statistically significant when compared to
the controls (p > 0.05). When DSS-insulted mice were treated with curcumin, Diffusa and
Villosum, the level GM-CSF was comparable to the DSS-challenged mice with no treatment
(Figure 5.8k), suggesting that herbal medicines have no effect on GM-CSF level in the mouse
colon. On the other hand, a marginal increase in IFN-y level was observed in mice that were
stimulated with DSS, albeit not reaching statistical significance when compared with the
control group (p > 0.05). Contrastingly, co-treatments with curcumin, Diffusa and Villosum in
the presence of DSS appeared to diminish any increase in IFN-y in the colon. Notably, this
difference was statistically significant in the curcumin- and Villosum-treated groups (p = 0.006
and p = 0.012 respectively), but not in the Diffusa-treated group when compared to mice
treated with DSS alone (p > 0.05, Figure 5.8l), which highlights that selected herbal medicines
can alter pro-inflammatory cytokine profiles in isolated mouse colons after experimental
colitis.
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Figure 5.8. The effect of herbal treatments on antioxidant response protein
expressions, lipid peroxidation and inflammatory cytokines in colon tissues. (a).
Representative images of immunohistochemistry labelling of SOD1, GPx4 and 4HNE.
IHC images were captured using Axiocam 105 Color camera at 20x magnification.
Scale bar = 50 um. Quantification of IHC staining scores of (b). SOD1, (c). GPx4 and
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(d). 4HNE. Representative Western blot bands of (e). SOD1 and (f). densitometric
analysis of the same protein. Representative Western blot bands of (g). GPx4 and (h).
densitometric analysis of the same protein. Representative Western blot bands of (i).
4HNE and (j). densitometric analysis of the same protein. (k). expression of GM-CSF
and (l). IFN-y in mouse colon homogenates. Graphical values represent mean + SD
with n = 6 mice per group, apart from cytokine profile analyses, where n = 4 mice
from the Control Group and n = 5 mice for all other treatment groups were analysed
after interpolation from standard curves. The normalcy of the collected data was
analysed using Shapiro-Wilk test and group differences were analysed using one way
ANOVA with Tukey’s multiple comparison and Kruskal-Wallis test with Dunn’s multiple
comparison for parametric and non-parametric data sets respectively. * p < 0.05, **
p<0.01, ***p<0.001 and **** p <0.0001. Author contributions: K.X — Investigation,
validation, methodology, formal analysis, data curation, T.0.C — Investigation, formal
analysis, data curation, S.C — Investigation, B.L.W — formal analysis.
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5.4 Discussions

Despite the wide range of available treatments, no current therapy has proven to be a
definitive cure for IBD®L. Conventional interventions often have high non-response rates and
undesirable adverse effects®'3, leading to many patients with IBD to perceive these
contemporary therapies as ineffective with low tolerability®*. As a result, there is a growing
interest in complementary and alternative medicines for the disease, particularly in the field
of natural products®. Accordingly, several plant-based compounds such as berry extracts and
aloe vera have demonstrated therapeutic efficacy in alleviating gastric inflammation and
restore redox balance®®°. In this study, we investigate the therapeutic potential of three
herbal remedies — curcumin, Hedyotis Diffusa and Amomum Villosum in a murine model of
DSS-induced experimental colitis and highlight for the first time the potential interplay
between lipid composition and redox imbalances in colonic inflammation. Outcomes here
demonstrated that herbal treatments effectively alleviated colitis symptoms, as evidenced by
reductions in clinical score, macroscopic colon damage and oxidative stress, accompanied by
improvements in histoarchitecture and mucin production. Additionally, the administration of
powdered-curcumin, as well as Diffusa and Villosum-based herbal tonics led to significant
upregulation of HO-1 expression and downregulation of IFN-y together with notable
modulation of key antioxidant signaling proteins such as SOD1 and GPx4 in the DSS challenged
colon tissue. Given the critical roles of glycerophospholipids and glycerolipids in maintaining
gut barrier integrity and cellular signaling, the current study concurrently investigated
changes in the colonic lipidome in response to DSS insult + the presence of herbal treatments.
As anticipated, DSS exposure resulted in decreased glycerolipid abundance and caused
disruptions to glycerophospholipid and a-linolenic acid metabolism, indicating their likely
involvement in IBD pathogenesis. Notably, treatment with the three herbal remedies restored
glycerolipid levels and modulated other lipid metabolic pathways, further supporting the
notion that these natural products have potential as therapeutic agents in IBD.

The antioxidant effects of curcumin, Diffusa and Villosum observed in the current study are
likely mediated through multiple mechanisms. One potential pathway involves the regulation
of neutrophil activity and their endogenous enzyme myeloperoxidase (MPO). Under normal
physiological conditions, activated neutrophils utilize H,0, to generate hypochlorous acid
(HOCI)’°, a potent oxidant that exerts bactericidal effects by inducing non-specific DNA
damage in infected cells in an intricately regulated manner’!. However, excessive and
dysregulated neutrophil recruitment in the inflamed colon can lead to amplified oxidative
stress which drives the production of pro-inflammatory cytokines, perpetuating a cycle of
inflammation and further oxidative damage’?2. In the current study, mice that received herbal
medicine treatments exhibited significantly lower immune cell infiltration (refer to Figure 2a),
which given the acute nature of the model, is likely attributed to reduced neutrophil
migration. This was accompanied by attenuated luminal oxidation, as indicated by diminished
bioluminescence signals in the mouse abdomens, suggesting that the herbs mitigate oxidative
stress by limiting neutrophil recruitment and its associated oxidative burst. Interestingly,
whilst GPx typically converts H,0, into water as a protective mechanism??, no significant
differences in GPx4 levels were observed between groups. This suggests that curcumin,
Diffusa and Villosum may alleviate oxidative stress through pathways that are independent
of GPx4-mediated H,0; detoxification. Nonetheless, further research is warranted to confirm
the precise relationships between neutrophil recruitment, MPO activity and oxidative stress
reduction in this context.

173



Another key mechanism by which these herbal remedies may exert their antioxidant action
is through the direct activation of Nrf2/HO-1 signaling pathway. Nrf2 is a master regulator of
antioxidant responses?®, and elevated expression of this transcription factor has been
reported in the inflamed colons of patients with UC’3. Enhanced expression of downstream
HO-1 has been shown to protect against DSS-induced colon inflammation by mitigating
oxidative damage and restoring cellular homeostasis’*’>. Although the current study did not
observe a significant change in colonic Nrf2 expressions, herbal treatments, particularly
curcumin and Diffusa significantly upregulated HO-1 levels, which indicates that these herbal
medicines may enhance antioxidant capacity by directly stimulating the Nrf2/HO-1 signaling
pathway. The ability of these herbs to reduce neutrophil-mediated oxidative stress and
concurrent modulation of Nrf2/HO-1 pathway suggests a potential synergistic effect that re-
balances the oxidative environment in the inflamed colon. However, further investigations
are needed to determine whether the herbal treatments can modulate additional
downstream targets of Nrf2 transcriptional activation or whether other antioxidant signaling
pathways to confer their broader cytoprotective effects.

The third potential mechanism involves the inhibition of IFN-y-driven inflammatory cascade.
IFN-y is known to activate macrophages, leading to the production of pro-inflammatory
cytokines TNF-a, IL-1B and IL-67%. This inflammatory response has been implicated in
exacerbating oxidative stress and promoting disease progression of UC-like experimental
colitis’”78, Under these conditions, the ferulic acid decreases oxidative stress by suppressing
IFN-y-mediated inflammation whilst enhancing the expression of antioxidant enzymes such
as cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS)’°. Consistent with these
findings, the present study showed supplemented natural products significantly lowered IFN-
vy levels in the colon of mice, suggesting that their biological activities may in part be attributed
to the suppression of this inflammatory cascade. Further studies elucidating the role of
curcumin, Diffusa and Villosum in modulating IFN-y-mediated inflammation and oxidative
stress are required to investigate downstream signaling pathways.

Different to curcumin, which was administered as a dispersion in PB, Diffusa and Villosum
were provided as herbal tonics to better replicate their traditional modes of consumption in
humans. Most studies investigating the therapeutic potential of herbal medicines have
focused on nutraceutical formations®®, where extensive research has demonstrated that
these highly concentrated derivatives containing bioactive compounds can attenuate IBD
symptoms. For instance, Cordyceps militaris mushroom extract has been shown to alleviate
epithelial damage while suppressing iNOS and TNF-a expressions®®. Similarly, polyphenol
extract from the native Chilean berry Maqui exert potent antioxidant and anti-inflammatory
effects, reducing trinitrobenzene sulfonic acid (TNBS)-induced colitis by inhibiting the NF-kB
and NOD-like receptor protein 3 (NLRP3) inflammasome pathways®®. Pomegranate-derived
ellagitannins and ellagic acid have also demonstrated anti-inflammatory activity by down-
regulating TNF-a, COX-2, IL-4 and signal transducer and activation of transcription 6 (STAT6)%2.
Additionally, zingerone, a bioactive compound found in ginger that is also a botanical relative
of Villosum has been reported to reduce mucosal injury®, which further supports the
potential gastrointestinal protective effects of this plant family and highlights the therapeutic
potential of nutraceuticals in the context as viable alternatives for the treatment of IBD.

Efforts to isolate and characterize the bioactive components of Diffusa have revealed over 50
distinct compounds such as anthraquinones, iridoids and flavonoids84. Some of these have
been isolated and extensively studied for their anti-tumor properties, particularly in colorectal
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cancer®®, a severe complication of chronic, unregulated UC®. However, despite growing
evidence of their therapeutic potential, the anti-inflammatory and antioxidant effects of
Diffusa extracts remain largely untested in humans and in animal models of IBD. Similarly,
Villosum has been found to contain bioactive polysaccharides and volatile oils with significant
pharmacological properties. A study by Liu et al. identified two acidic polysaccharide extracts
of Villosum (AVPG-1 and AVPG-2) that inhibited immune cell infiltration and protected the
colon from ethanol-induced gastric mucosal injuries and exhibited potent anti-inflammatory
and antioxidant effects by reducing MPO, TNF-a and MDA expressions and upregulating SOD
expressions®. Another study demonstrated that water-based polysaccharide extracts and
volatile oil from Villosum significantly attenuated TNBS-induced colitis, reducing IFN-y levels
whilst increasing IL-10 and TGF-B expressions?®, highlighting its potential for modulating
inflammatory responses. Additionally, it should be noted that current study did not study the
physiological role of these herbs on the gut epithelium in the absence of DSS administration.
As a result, studies evaluating pharmacological safety and toxicity profiles of these herbs are
also essential before their clinical application can be fully considered. Nevertheless, the
findings from the present study align with previous literature, further substantiating the
antioxidant and anti-inflammatory properties of these herbs in a form that closely resembles
their traditional human consumption. While these results are promising, further research is
necessary to elucidate the pharmacokinetics and pharmacodynamics differences between
Diffusa and Villosum raw herbs and their corresponding bioactive compounds to determine
whether more efficacious treatment outcomes can be achieved.

Glycerophospholipids play a crucial role in maintaining the integrity of the intestinal epithelial
cell membrane whilst also serving as significant energy reserves and bioactive molecules
during signal transduction?®. Disruption in glycerophospholipid metabolism has been
reported in IBD, where patients with CD exhibited decreased plasma levels of
lysophosphatidylinositol, PC and PE®, whilst UC patients displayed significant disturbances in
PC, ceramide and sphingomyelin levels32. These findings suggest that lipid imbalance may be
implicated in the pathogenesis of IBD through impaired membrane stability and cellular
signaling pathways.

By mass, PC is the most abundant glycerophospholipid found in mammalian cell
membranes®, and alone this lipid class can exert anti-inflammatory effects by inhibiting M1
macrophage polarization and reducing expression of pro-inflammatory cytokines including
TNF-a, IL-1B and IL-68%°C, Furthermore, both in vitro and in vivo studies have demonstrated
that PC supplementation can enhance intestinal barrier function, modulate gut microbiota
composition and mitigate inflammatory responses®-?3, highlighting its potential therapeutic
value in IBD. In the current study, significantly reduced levels of PC, LPC and LPE were
observed in DSS-challenged mice, indicating substantial alterations in glycerophospholipid
composition in the colon, consistent with decreased colon PC levels being critical to
promoting pathology. Subsequent metabolic pathway analysis highlighted that
glycerophospholipid metabolism being one of the main affected pathways in these tissues,
which further confirms these disruptions, suggesting that inflammation-associated metabolic
shifts may compromise intestinal membrane integrity and cellular homeostasis during the
pathogenesis of experimental colitis.

In addition to PC, PE represents the second most abundant phospholipid in the mammalian
cells and is essential for providing mechanical protection to intestinal epithelial cells%%.
Notably, PE depletion has been linked to mitochondrial dysfunction as it negatively impacts
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energy metabolism, impairs intestinal epithelial cell survival and disrupts gut homeostasis®®.
Additionally, PE also serves as a key precursor molecule for the endocannabinoid system,
which regulates motility, barrier function and enteric nerve activity whilst promoting anti-
inflammatory responses in the intestinal epithelium®’. Interestingly, DSS insult resulted in a
marked reduction of colonic PE species, whilst curcumin treatments significantly reduced PE
abundance, which are in contrary to the outcomes described above. On the other hand,
herbal treatments with Diffusa and Villosum tonics resulted in minimal changes to colon PE
abundances.

Given the acute nature of the DSS-induced colitis model used in the current study, it is
possible that the observed alterations in PE levels in the curcumin-treated mice reflect a
temporary compensatory response by the intestinal epithelium to inflammation. In support
of this notion, it has been demonstrated that mitochondrial respiration in colonic crypts is
significantly upregulated during the inflammatory phase of colitis, likely due to the increased
energy expenditure associated with intestinal repair and barrier restoration®. This
heightened metabolic activity may contribute to the shift in PE metabolism observed in the
current study. Furthermore, outcomes from the current study also highlighted a potential link
between altered lipid metabolism and redox imbalance. However, the physiological
consequences of dysregulated glycerophospholipid metabolism in DSS-induced experimental
colitis remain to be elucidated. Future investigations probing the mechanistic implication of
altered lipid metabolism in IBD could offer novel therapeutic strategies for managing
intestinal inflammation.

Glycerolipid metabolism plays a fundamental role in maintaining cellular energy balance and
gut homeostasis, primarily through the synthesis and hydrolysis of glycerolipids®. This
process involves the esterification of free fatty acids to a glycerol backbone, forming neutral
glycerolipids such as monoacylglycerols, DG and TG'%. Among these lipids, DG serves as both
an intermediate molecule in phospholipid biosynthesis and a signaling molecule capable of
activating protein kinase C and NF-kB!01192 thereby promoting downstream inflammatory
cytokine production thereby, eliciting a heightened immune response. On the other hand, TG
functions as crucial energy reserve in mammalian cells'®. Alterations in glycerolipid
metabolism have been implicated in IBD pathogenesis, with clinical studies reporting
significantly lower TG levels in patients with mild UC compared to those who are in
remission®, Interestingly, the present study showed that DSS-induced experimental colitis
resulted in a marked reduction in DG abundance, coupled with a substantial increase in TG
lipid species. This was also accompanied by decreased HSL activity in the lipolysis assay. Whilst
these outcomes were contradictory to published literature in IBD patients, it is suggestive that
DSS stimulation resulted in impaired lipid turnover and a significant disruption in glycerolipid
metabolism within the inflamed colon. Additionally, the discrepancy observed here could
possibly attributed to the acute nature of the DSS model employed in the current study,
whereas IBD represents a pathological condition with a chronic time course. However, further
study is warranted to address this difference. The treatment with powdered-curcumin and
Villosum tonic reversed the changes of glycerolipid compositions, restoring DG and TG levels
toward those observed in control mice. Thus, it is conceivable that the colon protective effects
of curcumin and Villosum were mediated through reduced pro-inflammatory signaling (e.g.,
via protein kinase C and/or NF-kB activation).

In addition to glycerolipid metabolism, the present study also identified significant alterations
in a-linolenic acid metabolism, a pathway known to be crucial in inflammatory regulation.
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Alpha (a)-linolenic acid is an essential polyunsaturated fatty acid that serves as a precursor
for the biosynthesis of bioactive omega-3 polyunsaturated fatty acids, including
eicosapentaenoic acid and docosahexaenoic acid'®, both of which possess well-documented
anti-inflammatory properties'®. Given the essential role of these metabolites in modulating
immune responses and maintaining gut homeostasis, disruption in a-linolenic acid
metabolism pathway may contribute to disease progression in colitis. However, further
investigations are warranted to elucidate the functional implication of these lipidomic
changes.

A major limitation identified in the current study was the lack of short chain fatty acid (SCFA)
analysis due to the volatility nature of this group of lipids. SCFA includes acetate, propionate,
butyrate and valerate are products of the bacterial fermentation of undigested dietary fiber
in the gut!?%’, in which they serve as energy source for colon enterocytes and also maintain
gastrointestinal homeostatic balance by exerting anti-inflammatory effects to the colon
mucosal®®10 Altered levels of SCFA have been documented in IBD patients, where
significantly reduced levels of acetate, propionate and butyrate were reported in the stools
of patients with UC!011 syggesting their potential role in implicating pathogenesis.
Accordingly, the supplementation of butyrate or propionate has been shown to reduce colon
inflammation and disease activity in both IBD patients and animals of experimental colitis'*
114 'As a result, analysis into the profiles of SCFA in the herbal remedies treated mice could
provide a more comprehensive view of how these natural products influence the colon
lipidome in the context of DSS-induced experimental colitis, which may pave the way to
identify novel therapeutic targets and approach for UC treatments.

In summary, the current study investigated the therapeutic effects of curcumin, Hedyotis
Diffusa and Amomum Villosum in a murine model of DSS-induced experimental colitis. It was
demonstrated that treatment with these herbal remedies alleviated colitis-like symptoms and
significantly increased expression of the antioxidant enzymes HO-1 and downregulated pro-
inflammatory cytokine IFN-y levels in the DSS-insulted colons. The current study also showed
that DSS supplementation resulted in marked alteration to colon lipidome whilst treatments
with curcumin, Diffusa and Villosum further adjusted the lipidome albeit, without returning
the lipid composition to the control. These outcomes highlight a potential link between colon
lipid compositions and redox imbalance during the pathogenesis of UC-like experimental
colitis and through in silico pathway analysis provided 4 key pathways namely: (i)
glycerophospholipid metabolism, (ii) glycophosphatidylinositol anchor biosynthesis, (iii) a-
linolenic acid metabolism and (iv) glycerolipid metabolism that are also linked to several
enzymic nodes that should be validated and explored further for potential therapeutic
intervention.
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Supplementary Tables

Supplementary Table 5.1. List of reagents used for animal experiment.

Reagents Catalogue Number Supplier
0.5% alcoholic eosin Y-solution 1.02439 Sigma Aldrich
2,6-Di-tert-butyl-4-methylphenol 112990010 ACROS
30% hydrogen peroxide H3410 Sigma Aldrich
4-15% Mini-PROTEAN TGX precast protein 4561086 Bio-Rad
gels — 15-well

Acetic acid 695092 Sigma Aldrich
Acetonitrile FSBA955-4 Thermo Fisher
Alcian blue 8GX powder A5268 Sigma Aldrich
Ammonium formate 714690 Supelco
Amomum villosum 110001-1 Beijing Tongrentang Sydney
Bovine serum albumin A7906 Sigma Aldrich
Clarity Western ECL substrate 1705060 Bio-Rad
cOmplete protease inhibitor cocktail CO-RO Roche
Curcumin 110001-2 Beijing Tongrentang Sydney
DAB substrate kit K3468 DAKO
Dlsodlum 5-a'm|no-2,3-d|hydro-1,4- A4685 Sigma Aldrich
phthalazinedion

DPX medium 06522 Sigma Aldrich
Ethylenediamine-tetra-acetic acid E6758 Sigma Aldrich
Formalin solution, neutral buffered, 105 HT501640 Sigma Aldrich
Formic acid 5.33002 Supelco
Glycine AJA1083 Ajax Finechem
Harris hematoxylin solution HHS32 Sigma Aldrich
Hedyotis diffusa 110001-3 Beijing Tongrentang Sydney
Histolene H2779 Sigma Aldrich
Isopropyl alcohol 34863 Sigma Aldrich
LCMS grade water 1.15333 Supelco
Lipolysis (3T3-L1) colorimetric assay kit MAK211 Sigma Aldrich
Methanol 1.06035 Supelco
Methyl tert-butyl ether 34875 Sigma Aldrich
Peanut butter - Bega
PhosSTOP PHOSS-RO Roche
Safranin O S$2255 Sigma Aldrich
Scott’s Tap Water Substitute Concentrate S5134 Sigma Aldrich
Serum-free protein block X0909 DAKO
Skim milk powder - Coles
Sodium azide $2002 Sigma Aldrich
Sodium dodecyl sulfate 428023 Calbiochem
Trans-Blot Turbo Midi 0.2 um PVDF transfer 1704157 Bio-Rad
packs

Triton X-100 270733 Sigma Aldrich

Reagents were listed in alphabetical order. Antibodies used for immunohistochemical,
immunofluorescence and western blot analyses were summarized in other tables below.
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Supplementary Table 5.2. Scoring criteria applied to yield a universal clinical
parameter.

Clinical Markers Score Description
0 No weight loss
Body Weight 1 1-10% weight loss
2 >10% weight loss
0 Normal consistency of stool
Stool and/or bleeding 1 Soft stool
2 Watery/bloody stool
0 No hunched posture, bristle fur, or skin
Grooming lesions .
1 Presence of hunched posture, bristle fur or
skin lesions
Presence of rectal 0 Not present
prolapse 1 Prolapse present
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Supplementary Table 5.3. Clinical assessment scoring criteria applied to observational
histological data.

Pathological Parameter Score Description

o

Intact crypts
Disoriented crypts
Crypts with variable diameters
Presence of crypts atrophy
Mucosa devoid of crypts

Loss of crypts

Intact surface epithelium
Sloughing off of surface epithelium
Patchy loss of surface epithelium
Moderate loss of surface epithelium
Severe loss/erosion of surface epithelium

Loss of surface
epithelium

No immune infiltration presence
Infiltration to the lamina propria/mucosa
Infiltration to mucosa and submucosa
Infiltration to crypts and moderate cryptitis
Infiltration to crypts and severe cryptitis

Cellular Infiltration

AP WONPFPOPPWNPOPRPWNLE
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Supplementary Table 5.4. Criteria for dysplasia scoring applied to histological images.

Histological criterion Description
Enlarged crypts Increased crypt width or length
Enlarged and hyperchromatic Increased nuclear to cytoplasmic ratio
nucleus accompanied with intense staining of nucleus
I L No all crypts are attached to the basement
Stratification of epithelial cells P
membrane
) Lack of goblet cells and crypt lumen stains pink
Dystrophic goblet cells . .
¥ phice in H&E stain
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Supplementary Table 5.5. Clinical assessment scoring criteria applied to observational
histological data.

Grade Score Description

No dysplasia 0 No histological criterion for dysplasia is present

Indefinite but 1 1 histological criterion is present and accompanied

probably negative with inflammation or surface maturation
More than 1 histological criterion for dysplasia is

Indefinite but

o 2 present and accompanied with inflammation or
probably positive .
surface maturation
Positive dysplasia 3 All 4 histological criteria for dysplasia are present
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Supplementary Table 5.6 Heat induced antigen retrieval reagents and decloaking
chamber settings for immunofluorescence and immunohistochemical staining.

Antibodies Decloaking Chamber
Antigen  Retrieval Buffer Catalogue No. Supplier g
e Settings
(Dilution)
ab137550
Nrf2 pH 9.0 EDTA-based (1:2000) abcam
SAB5700731 Sigma Pre-heat at 80°C for
HO-1  pH9.0EDTA-based (1:500) Aldrich 30 s, heat-induced
SAB5200083 Sigma retrieval at 125°C for
S0D1 PH 9.0 EDTA-based (1:800) Aldrich 30 s, cooling fan-on at
pH 6.0 sodium BS-6313R . 95°C and cooling fan-
4HNE citrate based (1:500) Bioss off at 90°C.
ab125066
GPx4 pH 9.0 EDTA-based (1:300) abcam
Rabbit . Sigma
lgG - A6154 (1:200) Aldrich -

195



Supplementary Table 5.7. Immunoreactivity scoring criteria applied to IHC imagery.

. e Intensit
Scoring Parameter Quantitative Score . |.y Score
Description
0% of immune-positive cells - 0
1-20% of immune-positive cells - 1
Percentage of ) -,

Positive Stainin 21-50% of immune-positive cells - 2

g 51-80% of immune positive cells - 3

81-100% of immune positive cells - 4

- Negative 0

i . - Weak 1

Staining Intensity i Moderate 5

- Intense 3
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Supplementary Table 5.8. Antibodies used for Western blot analysis of homogenized

colon.
Protein analysis Optimised Dilution (v/v) Cat. number/Supplier
Nrf2 1:2000 PA5-88084, Invitrogen
GPx4 1:1000 ab125066, abcam
SOD1 1:2000 SAB5200083, Sigma Aldrich
4HNE 1:800 BS-6313R, Bioss
B actin 1:10000 4967S, Cell Signaling

Technology

Rabbit HRP 1:2000 A6154, Sigma Aldrich
Mouse HRP 1:2000 ab205719, abcam
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Supplementary Table 5.9. The number of differential lipids between control mice and
DSS alone or groups co-treated with DSS and natural products.

Number of Differential

Treatment Group p <0.05 VIP>1.5 ..
Lipids
Control vs. DSS 155 86 77
DSS vs. Curcumin 214 67 60
DSS vs. Diffusa 45 100 36
DSS vs. Villosum 112 73 53
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Supplementary Table 5.10. List of identified differential lipids in mouse colon obtained
from mice in the absence and presence of DSS insult.

Lipid Species p <0.05 VIP Score > 1.5
PG(16:1e_15:0) 0.014294 3.417
DG(34:1_18:1) 0.01421 3.145
PC(37:5) 0.027049 2.3962
PA(18:0e) 0.032389 2.3422
LPC(20:1e) 5.29E-05 2.3017
LPE(23:1) 0.0004013 2.2643
PS(16:0_22:6) 0.00010721 2.257
PS(20:4_20:4) 0.0019934 2.2483
PS(16:0_18:2) 0.00012825 2.2447
LPE(23:0) 0.00038475 2.2057
LPE(18:3€) 0.0070161 2.1848
PE(23:0e) 0.0012423 2.1405
PG(32:1e) 0.047948 2.1267
LPE(24:0) 0.0010161 2.1064
LPE(16:1e) 0.0071163 2.1046
LPC(16:1e) 0.00037451 2.0634
LPE(18:2€) 0.0066272 2.0541
SM(d20:1_18:3) 0.0018046 2.036
LPE(17:0) 0.0028929 2.0303
LPC(18:2e) 0.0010228 2.0279
TG(16:0_16:0_16:0)  0.0024054 2.0228
DG(18:3_18:2) 0.0084919 2.0053
LPE(24:2) 0.001349 2.0052
LPE(18:0) 0.0024534 2.0014
TG(22:4_18:2_22:6)  0.012971 1.9831
LPE(18:1e) 0.0072683 1.9349
PE(24:3e) 0.0028129 1.9307
LPE(16:0) 0.0042586 1.9269
LPE(24:1) 0.0033145 1.9155
LPE(19:0) 0.005039 1.9035
TG(20:3_18:2_22:6) 0.02357 1.9031
PE(18:0e_18:2) 0.027292 1.8959
LPC(22:3) 0.0030391 1.8889
TG(18:1_22:4_22:6)  0.012679 1.8652
LPE(22:0) 0.0023774 1.8552
PS(18:1_18:2) 0.0068292 1.8504
LPE(15:0) 0.01229 1.8438
LPE(20:2) 0.0061127 1.8387

LPC(23:1)
LPC(22:2)
PC(37:1e)
LPE(22:1)
LPC(20:2)
PC(18:3¢_16:0)
LPE(20:1e)
LPE(18:1)
LPE(19:1)
PC(18:4_18:1)
PS(18:1_18:1)
PC(35:1e)
PI(16:1_18:2)
LPC(19:1)
LPC(20:4e)
PI(18:1_22:6)
PE(18:2_22:6)
DG(16:0_18:3)
LPC(18:1e)
PI(20:4_20:4)
LPE(20:1)
PE(20:0_18:1)
SM(d41:3)
PS(22:4_22:6)
TG(18:0_16:0_16:0)
PG(18:1_24:0)
PC(42:6e)
LPC(17:0)
LPC(20:1)
DG(18:1_24:1)
LPC(24:2)
SM(d34:2)
PS(17:0_20:4)
PE(18:1e)
PC(17:1_22:6)
SM(d42:7)
PG(18:2_20:4)
PS(37:2)
TG(18:0_8:0_11:4)

0.0031169
0.0086811
0.0091368
0.0043809
0.0047819
0.0021381
0.008973
0.0063362
0.019451
0.0029083
0.031815
0.010649
0.00096466
0.012272
0.043358
0.0016516
0.0051328
0.017434
0.046284
0.0024815
0.011299
0.04309
0.009105
0.004114
0.024399
0.010041
0.015819
0.0096535
0.014346
0.0054036
0.012874
0.011934
0.014946
0.017477
0.005956
0.0067237
0.024492
0.026494
0.0054169

1.8175
1.7961
1.7877
1.781
1.7609
1.7381
1.7329
1.7133
1.7125
1.7068
1.705
1.7044
1.7038
1.6958
1.6929
1.6785
1.6687
1.6562
1.6547
1.6442
1.6396
1.6362
1.635
1.6189
1.6071
1.6055
1.6028
1.6
1.5971
1.5833
1.574
1.5737
1.5543
1.5536
1.5365
1.5195
1.5112
1.5065
1.5




Supplementary Table 5.11. Metabolic pathways involved in DSS-induced experimental

colitis using in silico pathway analysis.

Number of Number of Pathway
Pathways Metabolites in Metabolites Impact -Log1o(p-value) FDR
the Pathway Matched Score

Glycerophospholipid

. 36 3 0.21708 2.5946 0.012717
Metabolism
Glycosylphosphatidylin
ositol Anchor 32 1 0.03665 2.158 0.017377
Biosynthesis
rLinolenic Acid 13 1 0.001 1.4264 0.037464

Metabolism
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Supplementary Table 5.12. List of identified differential lipids in mouse colon obtained
from mice insulted with DSS in the absence and presence of curcumin.

Lipid Species p<0.05 VIP Score > 1.5 DG(20:1_18:2) 0.0085225 1.6293
DG(14:0_18:3) 0.0020257 25121 PI(17:0_18:1) 0.00079737 1.622
DG(16:1_18:1) 0.0011371 2.5071 LPE(24:0) 0.0025649 1.6159
DG(18:3_18:2) 0.00074223 2.4953 DG(15:0_18:2) 0.0090355 1.6126
DG(16:1_14:0) 0.0016947 23431 DG(19:1_18:2) 0.0068516 1.603
DG(16:1_18:2) 0.0015962 23115 PA(18:0e) 0.021258 1.575
DG(18:1_18:3) 0.00052955 2.2606 PE(20:0p_18:2) 0.004019 1.574
DG(18:2_18:2) 0.00053104 2.2585 PG(18:2_18:2) 0.0037296 1.5665
DG(16:1_16:1) 0.00071533 2.2199 PI(17:0_20:5) 0.011521 1.5635
DG(14:0_18:2) 0.00072191 2.219 PI(17:0_22:6) 0.0013174 1.5609
DG(17:1_18:2) 0.0014801 2.1523 PC(33:2e) 0.0030676 1.5582
DG(16:0_18:3) 0.00095864 2.1466 PE(18:0e_18:1) 0.026117 1.5511
DG(18:1_18:2) 0.001018 2.1248 PE(20:0p_20:3) 0.0084772 1.5491
DG(16:0_16:1) 0.0014375 2.1121 PE(18:0p_15:0) 0.00023214 1.5484
PA(36:6¢) 0.0022839 2.0547 LPE(20:1e) 0.0071011 1.5458
PG(18:1_24:0) 0.0072631 1.9449 PE(20:0p_16:0) 0.026494 1.5441
LPC(20:3e) 0.0074416 1.9266 PI(17:1_18:1) 0.0010765 1.5417
DG(18:1_18:1) 0.0032979 1.895 PE(18:0p_17:1) 0.0026209 1.537
PE(23:0e) 0.0027721 1.8465 g)G(1610_1610_16= 0.011572 15315
DG(16:0_18:2) 0.0033117 1.8387

LPE(22:1) 0.0013753 1.5288
PE(24:3e) 0.00055292 1.8254

PE(16:0p_20:1) 0.0055885 1.5274
DG(18:2_20:4) 3.76E-06 1.8073

PC(35:2e) 0.0034405 1.5272
LPE(22:0) 0.0016593 1.7487

PE(18:1e_18:1) 0.005554 1.5272
LPE(23:0) 0.0035431 1.7419

PG(17:0_18:1) 0.0029652 1.5192
SM(d18:1_17:0) 0.023272 1.7237

LPE(17:0) 0.0013495 1.5158
DG(16:0_18:1) 0.0056425 1.7167

PE(20:1p_18:1) 0.0041521 1.5144
PE(18:0p_20:3) 0.0010184 1.7028

PE(18:1p_18:1) 0.0025155 1.5119
PI(17:0_18:2) 0.0010641 1.6893

PE(16:0p_20:2) 0.0025871 1.5078
PE(18:1p_22:1) 0.0039012 1.6461

PC(33:1e) 0.0016467 1.5047
PE(20:0p_18:1) 0.0059406 1.6411

PI(15:0_20:4) 0.0039695 1.5004
LPE(23:1) 0.00058929 1.6296
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Supplementary Table 5.13. List of identified differential lipids in mouse colon obtained
from mice insulted with DSS in the absence and presence of Diffusa tonic.

Lipid Species p <0.05 VIP Score > 1.5
TG(25:0_16:0_18:1) 0.025151 2.8591
TG(26:0_18:1_18:1) 0.023993 2.8408
TG(26:1_18:1_18:1) 0.026366 2.7932
TG(18:0_18:1_24:0) 0.023974 2.705
TG(18:1_18:1_24:0) 0.032258 2.6561
TG(25:0_18:1_18:2) 0.041392 2.5827
PA(18:0_18:2) 0.03918 2.5406
PA(38:4) 0.032734 2.4869
TG(18:1_18:1_23:0) 0.04815 2.4557
TG(16:0_18:1_24:0) 0.045705 2.4478
TG(18:1_18:2_24:1) 0.046967 2.4477
PA(20:0_18:2) 0.04858 2.447
TG(26:1_18:1_18:2) 0.049003 2.4417
TG(16:0e_18:1_18:1) 0.027178 2.4185
TG(16:0_20:4_22:6) 0.033871 2.3767
TG(20:3_18:2_22:6) 0.026944 2.3631
TG(20:1_18:1_22:4) 0.025169 2.3586
TG(20:1_18:2_22:4) 0.019727 2.3526
TG(16:0e_18:1_18:2) 0.015681 2.2985
TG(18:1_18:2_22:1) 0.039673 2.2727
TG(20:1_18:2_22:6) 0.026874 2.2549
TG(18:1_20:3_22:4) 0.031641 2.2383
TG(18:1_18:2_22:5) 0.035902 2.2381
TG(16:0_22:6_22:6) 0.039608 2.2367
TG(18:1_18:1_22:4) 0.032783 2.2009
TG(18:1e_16:0_16:0) 0.047565 2.1939
PA(40:4) 0.0073616 2.1878
PE(20:1e_20:4) 0.0033104 2.181
ChE(22:4) 0.014672 2.1179
TG(18:0_20:4_22:6) 0.041772 2.0922
TG(16:0_16:0_24:0) 0.017841 1.9987
TG(18:2_18:2_21:1) 0.045226 1.9877
LPE(20:0) 0.040182 1.8618
TG(18:0_18:0_18:0) 0.020923 1.7653
SM(t33:1) 0.021633 1.5764
PC(33:5) 0.022185 1.5715
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Supplementary Table 5.14. List of identified differential lipids in mouse colon obtained
from mice insulted with DSS in the absence and presence of Villosum tonic.

Lipid Species p <0.05  VIP Score > 1.5 PA(16:0_16:0)  0.035663 1.5415
LPE(20:0) 0.0096192 2.4528 PI(16:0_20:3)  0.0073529 1.5405
DG(16:1_18:1)  0.014329 2.3487 LPE(23:0) 0.019187 1.5348
DG(18:1_18:2)  0.0063086 2.0454 PS(43:1) 0.048106 1.5262
PS(36:2€) 0.0044729 2.0349 PI(18:1e_16:0)  0.014951 1.5245
PE(24:1_20:4)  0.011301 1.9765 PI(17:1_18:1)  0.0064895 1.5211
DG(17:1_18:2)  0.030636 1.9728 PI(18:1_20:5)  0.0041868 1.5121
DG(18:3_18:2)  0.044567 1.9593 PI(18:0e_18:1)  0.026803 1.5085
DG(18:1_18:3)  0.021553 1.9327 LPE(20:2) 0.015134 1.5081
DG(18:2_18:2)  0.021867 1.9275 PI(16:0_16:1)  0.0088489 1.5062
LPC(24:1) 0.0094576 1.806
PI(17:0_20:3)  0.0014358 1.7984
LPE(22:0) 0.0047779 1.7959
DG(18:1_18:1)  0.010975 1.7896
LPE(24:1) 0.0064269 1.7784
LPE(24:0) 0.010938 1.7734
LPC(28:0) 0.016446 1.7542
DG(20:1_18:2)  0.0024073 1.7505
PI(18:1_22:6)  0.0099281 1.7082
LPE(20:1) 0.0061872 1.7026
LPC(22:1) 0.011255 1.683
PI(18:0_22:3)  0.016788 1.6809
PI(17:0_22:6)  0.0058657 1.6802
DG(19:1_18:2)  0.0065567 1.6781
LPE(19:1) 0.019456 1.6642
LPC(22:0) 0.021794 1.6579
LPE(22:1) 0.0077977 1.6551
PI(18:1_18:1)  0.0071929 1.6501
LPC(20:1) 0.013167 1.6498
LPE(18:0) 0.010051 1.6389
PS(49:6) 0.033671 1.6048
DG(16:0_18:2)  0.041539 1.5962
LPC(20:0) 0.021093 1.5953
PI(17:0_18:2)  0.001899 1.5828
LPE(17:0) 0.026296 1.5783
LPE(23:1) 0.013121 1.5779
LPC(14:0) 0.020892 1.5754
LPC(22:2) 0.025714 1.571
LPC(24:2) 0.02232 1.5646
LPE(19:0) 0.017833 1.5622
PS(24:0_20:3)  0.023674 1.5548
PC(39:6) 0.028617 1.5542
LPC(24:0) 0.031949 1.5497
DG(18:1_22:4)  0.0022089 1.5441
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Supplementary Table 5.15. Metabolic pathways involved in mouse colon obtained
from mice treated with curcumin or Villosum.

Number of Number of Pathway
Treatment . . -Logio(p-
Pathways Metabolitesin  Metabolites Impact FDR
Groups value)
the Pathway Matched Score
Glycerophospholipid 0.002
. 36 3 0.21708 3.2783
Metabolism 6345
DSS vs. Glycosy'lphosphatldyll 0.002
. nositol Anchor 32 1 0.03665 2.9441
Curcumin . . 8435
Biosynthesis
a-Llnolenlc. Acid 13 1 0.001 5 4137 0.003
Metabolism 8577
Glycerophospholipid 36 3 0.26141 3.1718 0.001
Metabolism ' ' 0099
Glycosylphosphatidyli
DSS vs. 0.001
> VS nositol Anchor 32 1 0.03665  3.208
Villosum . . 0099
Biosynthesis
-Linolenic Acid
a-Linolenic At 13 1 0.01246 0.16431 0.685

Metabolism
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Supplementary Figures
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Supplementary Figure 5.1. Physical property analysis of DSS in herbal tonics. (a).
Optical angle rotation of DSS in water and DSS in Diffusa and Villosum herbal tonics
obtained from polarimetry analysis. (b). Molecular weight analysis of DSS in water
and DSS in Diffusa and Villosum herbal tonics. n = 3 independent trials per samples
and graphical values were expressed as mean + standard deviation (SD). * p < 0.05.
Authors contributions: K.X — Validation, methodology, formal analysis, data curation,
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Supplementary Figure 5.2. The efficacy of herbal remedies treatment on DSS-induced
UC-like experimental colitis. (a). Representative image of in vivo bioluminescence
imaging. (b). Quantification of luminescence signal. Graphical values represent mean
+ SD or mean + SD when error bars were below 0 with n = 3 mice per group. Normalcy
of the collected data was analysed using Shapiro-Wilk test and group differences
were analysed using Kruskal-Wallis test with Dunn’s multiple comparison. Authors
contribution: K.X - Validation, methodology, formal analysis, data curation, S.C —
Investigation, data curation, G.A — Methodology.
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Supplementary Figure 5.3. Metabolic pathways implicated in mouse colon obtained
from mice after DSS-insult to induce experimental colitis. (a). Glycerophospholipid
metabolism. (b). Glycophosphatidylinositol anchor biosynthesis and (c). a-linolenic
acid metabolism. Red, orange and yellow colors indicate metabolites matched with
the identified differential lipids. Authors contributions: K.X — Validation, methodology,
formal analysis, data curation, T.0.C — Investigation, validation, data curation, N.S —
Formal analysis, L.H— Investigation.
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Supplementary Figure 5.4. Metabolic pathways implicated in mouse colon obtained
from mice supplemented curcumin dispersed in peanut butter. (a).
Glycerophospholipid metabolism. (b). Glycophosphatidylinositol anchor biosynthesis
and (c). a-linolenic acid metabolism. Red, orange and yellow colors indicate
metabolites matched with the identified differential lipids. Authors contributions: K.X
— Validation, methodology, formal analysis, data curation, T.0.C — Investigation,
validation, data curation, N.S — Formal analysis, L.H— Investigation.
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Supplementary Figure 5.5. Interaction network analysis of differential lipids identified
between mice insulted with DSS in the absence and presence of curcumin
supplementation. Authors contributions: K.X — Validation, methodology, formal
analysis, data curation, T.O.C — Investigation, validation, data curation, N.S — Formal
analysis, L.H— Investigation.
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Supplementary Figure 5.6. Heatmap evaluation showing differential lipid species in
mouse colon obtained from mice insulted with DSS and mice that were supplemented
Diffusa tonic in drinking water. Data derived from n = 6 mice per treatment group.
Authors contributions: K.X — Validation, methodology, formal analysis, data curation,
T.0.C — |Investigation, validation, data curation, N.S — Formal analysis, L.H—
Investigation.
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Supplementary Figure 5.7. Metabolic pathways implicated in mouse colon obtained
from mice that were supplemented with Villosum tonic. (a). Glycerophospholipid
metabolism. (b). Glycophosphatidylinositol anchor biosynthesis and (c). glycerolipid
metabolism. Red, orange and yellow colors indicate metabolites matched with the
identified differential lipids. Authors contributions: K.X — Validation, methodology,
formal analysis, data curation, T.0.C — Investigation, validation, data curation, N.S —

Formal analysis, L.H— Investigation.
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Supplementary Figure 5.8. Interaction network analysis of differential lipids in mouse
colon obtained from mice insulted with DSS in the absence and presence of Villosum
groups. Authors contributions: K.X — Validation, methodology, formal analysis, data
curation, T.0.C — Investigation, validation, data curation, N.S — Formal analysis, L.H—
Investigation.
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Appendix
Appendix 1. Protocol for assessing the physical properties of DSS

To evaluate whether herbal tonics interfered with the DSS polymer and rendered the mixture
unable to promote colon inflammation, physical properties of DSS were investigated with
polarimetry and size exclusion chromatography with multi-angle light scattering (SEC-MALS)
analyses.

Appendix 1.1 Polarimetry analysis

A Perkin EImer 341 polarimeter was used to illuminate herbal tonics + DSS with polarized light
to measure changes in optical angle rotation. Briefly, prepared herbal tonics were further
diluted to 40% v/v with Milli-Q® water. A blank sample with only Milli-Q® water was used to
calibrate the system at 546 and 578 nm. Next, the angle of rotations of neat solutions of
diluted Diffusa and Villosum tonics were measured and re-calibrated as tonic blanks. After re-
calibration, the angle of rotation of Diffusa and Villosum and their corresponding DSS-
containing tonics were measured. All measurements were performed in duplicates at 20°C
and the Na/Hal and Hg light sources were activated with normal aperture.

Appendix 1.2 Size exclusion chromatography with multi-angle light scattering analysis

SEC-MALS was employed to quantify the polymer distribution and gross size range of
prepared Diffusa and Villosum tonics + DSS solutions. Phosphate buffered saline (10 mM
Naz;HPOs, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4; PBS) was used instead of water
to optimize the substrate-stationary phase interactions in an AKTA FPLC instrument
(Amersham Biosciences). Liquid chromatography was performed at 20°C with flow rate of 0.5
mL/min and samples (300uL) were injected into a PBS equilibrated Superose 12 10/300 GL
size exclusion column (GE Life Sciences). Subsequent simultaneous real-time conductance
and absorbance readings at 215, 254 and 280 nm were determined for the eluting volume.
Light scattering, refractive index units (RIU) and absolute refractive index (aRl) were recorded
using a miniDAWN TREQOS multi-angle light scattering detector (Wyatt Technology) coupled
to an Optilab T-reX refractive index detector (Wyatt Technology).
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Chapter 6: General Discussion

Clinical presentation of IBD is described by three main presentations: UC, CD and IC and the
disease is considered a chronic, relapsing autoimmune disorder of the GIT [246]. Patients with
IBD experience symptoms such as abdominal pain, rectal bleeding, diarrhea as well as EIMs
such as anaemia, arthritis, osteoporosis, musculoskeletal conditions and hepatobiliary
conditions [254, 571]. Despite extensive research, the precise aetiology of the disease
remains unclear. However, it is increasingly accepted that IBD arises from a complex interplay
of genetic predisposition, immune dysregulation, altered gut microbiota, along with a series
of environmental triggers [572]. The unpredictable nature of IBD, with alternating periods of
remission and active flares poses significant challenges in symptom management that impact
the quality of life of affected individuals [573]. According to the newly released findings from
the State of the Nation in Inflammatory Bowel Disease in Australia reports by Crohn’s and
Colitis Australia, Australia is amongst the highest incidence of IBD in the world, with 179,420
Australians living with IBD in 2025 and over 90,000 experiencing active disease. This translates
into health, economic and social burdens of $7.8 billion Australian dollar (AUD) and it is
projected to be over $77.9 billion AUD in the next decade [574].

Current therapeutic strategies of IBD primarily focus on symptom control, suppression of
inflammatory responses and induction of the quiescent (remission) disease state. However,
these treatments are often associated with high failure rates, severe adverse effects and
diminishing clinical responses over time [426]. Additionally, none of contemporary drugs offer
a definitive cure for the disease, leaving patients with limited long-term options. Given these
limitations, there is an urgent need to investigate the pathogenic mechanism of IBD and
discover pathways and novel therapeutic target that can positively impact patients with the
disease in the context of management and cure.

As outlined in the Introduction Chapter, approaches such as the use of synthetic inhibitors,
modulation of the gut microbiome and administration of nutraceuticals have demonstrated
beneficial clinical outcomes in both human IBD patients and experimental colitis animal
models. Thus, | hypothesised that a multifaceted investigation strategy into novel synthetic
inhibitors, determinants of gut microbiome composition, systemic lipidomic alterations and
the mechanisms of actions of various nutraceuticals may yield important insights into IBD
pathogenesis and uncover novel therapeutic targets for the development of innovative
treatments.

To address these challenges in IBD, | evaluated the therapeutic efficacy of synthetic enzyme
inhibitors and complementary and alternative medicines in restoring redox and immune
imbalances characteristics of the disease with specific focus on three key loci:

1. Dysregulated neutrophil response and NET formations in the colon mucosa;
2. Altered SCFA and inflammatory marker profiles in the stool;
3. Redox imbalance and lipid composition alteration in the intestinal epithelium.

6.1 MPO and PAD4 inhibition in DSS-induced experimental colitis

Chapter 3 of this thesis described the effect of MPO and PAD4 inhibition in a murine model
of DSS-induced experimental colitis. The study demonstrated that NETs formation was
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significantly inhibited by commercially available PAD4 inhibitor GSK484 in the colon mucosa
Whilst the inhibition of colonic NET formation did not translate into clinical improvement to
experimental colitis, this study was the first to unambiguously characterise the formation of
NETs in mouse colons through the using of multi-plex immunofluorescence labelling of three
essential markers involved in the formation of NETs: NE, MPO and citH3. Notably, the
pathology of IBD is keenly linked to changes in the mucosa and epithelial regions of the colon
[315]. The outcomes from this study partially divorce the involvement of NETs from the
pathogenesis of IBD. Accordingly, the study by Leppkes et al. demonstrated that NETs
prevented bleeding in a murine model of UC through immuno-thrombosis and PAD4-
dependent remodelling of blood clot was essential efficient mucosal wound healing [575],
suggesting a potential colon protective effect of NET structures in IBD. In support of this
notion, flow cytometry analysis led to the identification of the colon protective CD177* subset
of neutrophils from the blood of IBD patients [85]. These neutrophils were found to have a
different cytokine-release profile, evident in reduced production of pro-inflammatory
cytokines IL-6, IL-17A and IFN-y and elevated production of tissue-healing mediators IL-22 and
TGF-B [85, 86], highlighting the potential immune dampening and tissue repair promoting
effects of this subset of leukocytes, which further reinforces their colon protective function
in IBD. However, the proportion of CD177* neutrophils in the infiltrated cells observed in the
Chapter 3 remains to be elucidated. Thus, further investigation examining the heterogeneity
profile of neutrophils in the colon homogenates may vyield valuable insights into the
involvement and contribution of NETs during the pathogenesis of IBD.

Alternately, the outcomes from Chapter 3 could also support the pathogenic role of NETs in
IBD, implying that a beneficial clinical outcome can be achieved when a certain threshold of
NET inhibition is achieved in the colon mucosa. The logical extension here is that this study
failed to reach this threshold and provide therapeutic benefit. This notion is supported by the
study by Tang et al., where intraperitoneal administration of GSK484 at 4 mg/kg daily
(compared to GSK484 administered every second day in Chapter 3) resulted in a near-
complete abolishment of NETs in the colonic mucosa (compared to ~50% inhibition in Chapter
3) and markedly improved DSS-induced experimental colitis symptoms [541]. Similarly, the
administration of PAD4 inhibitors at a higher concentration (10 mg/kg) has been shown to
have a profound inhibition on NET formation in murine myocardial infarction model with
minimal adverse side effects [576], which further reinforces that extensive PAD4 (and
downstream NET) inhibition is required to achieve a suitable threshold that underpins a
therapeutic effect.

The involvement of mast cells in autoimmune conditions such as multiple sclerosis,
rheumatoid arthritis and bullous pemphigoid has been extensively documented. However,
the specific mechanisms in which mast cells contribute to the development of these
autoimmune conditions are not completely understood and published literature investigating
the immunomodulatory role of mast cells in IBD remains scarce. It has been reported that
mast cells can interact with other immune cell types such as T-lymphocytes and dendritic cells
to enhance self-activation and migration. Specifically, it has been demonstrated that Tregs
suppress mast cell activation via the OX40-OX40L axis [577] and inhibit FceRI-dependent mast
cell degranulation [578], whilst mast cells regulate the activation, migration and function of
dendritic cells via pattern recognition receptor signalling and the release of TNF and
prostaglandin E; [579, 580].
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Given that dendritic cells closely interact with T-lymphocytes to maintain gut homeostatic
balance and dysregulation in Treg-mediated function is implicated in the pathogenesis of IBD
(See Introduction Chapter Sections 1.1.1.3.2 and 1.3.4), it is not unreasonable to suggest mast
cells may potentiate IBD pathologies through the documented cell-cell interactions.
Outcomes from Chapter 3 revealed a novel potential immune crosstalk between mast cells
and apoptotic neutrophils (NETs), where the parallel activation of mast cells in the presence
of NETs could provide colon protective effects by preventing non-discriminatory HOCI
damage via histamine modifications (although this was not proven here).

6.2 SCFA and inflammatory profile alteration in stool of IBD patients

Chapter 4 of this body of work utilised human faecal samples and investigated the level of
SCFA and inflammatory stool biomarkers in healthy and IBD subjects. To the best of my
knowledge, this study was the first attempt to compare faecal SCFA levels between healthy
subjects and IBD patients stratified by disease severities (remission, mild, moderate and
severe) as judged by standard colonoscopy activity index, the Ulcerative Colitis Endoscopic
Index of Severity (UCEIS) and Simple Endoscopic Score for Crohn’s Disease (SES-CD) for
patients diagnosed with UC and CD, respectively. The main finding here is the link between
maintaining elevated levels of SCFA and maintenance of disease remission, with butyrate
identified as providing the greatest level of bioactivity. Additionally, reduced SCFA levels in
the stool weakly correlate with increased faecal pro-inflammatory cytokine concentrations,
particularly IL-1B, which validates the assignments of severity in the IBD cohort.

The outcomes of this study pose significant clinical relevance as there are multiple
commercial sodium butyrate supplements available. However, mixed effect of butyrate
supplementation in IBD patients have been reported by numerous clinical studies. For
instances, 100 mM of sodium butyrate supplementation in the form of colon enema for 4 and
8 weeks has been demonstrated to reduce inflammation and improve colitis symptoms in
patients with UC [554]. On the contrary, adjunct oral administration of the sodium butyrate
capsule (1800mg/day) with conventional treatments did not improve the clinical activity of
UC patients [555]. The results from published literature suggest that that the therapeutic
effects of butyrate supplementation are likely to be dosage and administration route
dependent. Additionally, the metabolism of these supplemented butyrate should also be
considered. Under physiological condition, microbiota-derived butyrate is rapidly
sequestered by colon enterocytes via the solute carrier family of transporter(s) pathway [581,
582]. However, altered butyrate metabolism occurs in patients with IBD, where UC patients
commonly exhibit deficiency in butyrate transport [583]. As a result, together with the
findings identified from Chapter 4, large scale multi-centre studies are urgently needed to
determine the optimal dosage and administration for butyrate (as well as other SCFAs)
supplementation to determine whether butyrate is a viable therapeutic for IBD.

6.3 Herbal medicines & Redox imbalances and altered colon lipid
composition

Chapter 5 of the current thesis investigated the effects of three herbal remedies: curcumin,
Hedyotis Diffusa and Amomum Villosum in restoring redox imbalance and modulating colonic
lipid composition in an acute murine model of DSS-induced experimental colitis. This study
was the first to examine the potential relationships between redox imbalance and altered
colon lipid composition in the context of IBD. The outcomes obtained reinforced the anti-
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inflammatory and antioxidative properties of these natural products, in which they all
alleviated experimental colitis symptoms and increased antioxidant capacity in the gut to
varying extents. Additionally, treatment with these herbs were also found to modulate
colonic lipid composition, shunting DSS-induced alteration of glycerolipid metabolism
towards that in the control mice; albeit not reaching the control levels. Given these promising
data, and overwhelming anecdotal evidence of the relatively safe pharmacological profiles of
the natural products tested here, the outcomes strongly support the need for future clinical
trials to assess their potential as an alternative or complementary medicine for IBD patients.

One major limitation identified in this study was the lack of SCFA analysis on the colon
homogenates obtained from mice in the various groups. As demonstrated by Chapter 3, SCFA
particularly butyrate correlates with disease severities in patients with IBD. Given that
therapeutic outcome has been described by butyrate supplementation studies, it is
interesting to see the effects of these herbal remedies on acetate, propionate, butyrate and
valerate level in the colitis gut. In the GIT, SCFA are largely produced by gut bacteria from the
phyla of Firmicutes and Bacteroidetes. Over the recent years, a plethora of animal studies
have reported the SCFA modulatory effects of herbal medicines. For example, the study by
Chang et al. has shown that the water extract of Ganoderma lucidum mycelium reduced
inflammation and decreased Firmicutes-to-Bacteroidetes ratios in mice fed on a high-fat diet
[584], whilst Shao et al. demonstrated that the polysaccharide extract isolated from Hericium
erinaceus mycelium modulated intestinal flora structure and increased SCFA levels in a rat
model of acetic acid induced experimental UC [585], suggesting that the herb remedies tested
in Chapter 5 could also result in positive modulatory effects on SCFA levels. In support of this
notion, Sun et al. showed that curcumin increased the level of faecal butyrate and butyrate-
producing bacteria in a mouse model of myasthenia gravis [586], highlighting the SCFA
modulatory effect of the herb in animal models of autoimmune condition. However, to the
best of my knowledge, the effects of curcumin, Diffusa and Villosum on faecal SCFA has not
been investigated in the context of IBD, presenting an exciting area of future research.

6.4 Model of experimental colitis in the current thesis

The animal model selected here remains a gold-standard for evaluating the potential in vivo
efficacy of drugs against IBD. Commercially sourced DSS is comprised of water-soluble
polysaccharides that, when administered orally, disrupts the gut epithelial monolayer, leading
to marked body weight loss and intestinal inflammation in rodents, which closely resembles
the pathologies observed in acute human UC [587]. However, IBD is an autoimmune disease
of chronic nature. As a result, the outcomes presented in the current thesis will ultimately
lead to an obvious question: How would these synthetic inhibitors and herbal remedies
perform in animal models of prolonged experimental colitis? Additionally, the long-term
toxicity and adverse side effects of the drugs tested in this thesis, as well as their tolerability
should also be considered. Accordingly, chemically induced chronic experimental colitis as
well as transgenic animal models of IBD have been described by published literature [588,
589] (also refer to Introduction Chapter Section 1.6). Thus, future studies could be directed
to address the chronic therapeutic effects of MPO and PAD4 inhibitors, as well as curcumin,
Diffusa and Villosum in these alternate animal models of IBD.
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6.5 Synergistic effects with conventional IBD therapies

The outcomes presented in Chapter 3 and 5 uncovered a possible future direction of testing
these synthetic inhibitors and the herbal nutraceuticals as adjunct treatments. Accordingly,
positive synergistic effects of co-administering compounds with anti-inflammatory and
antioxidant properties with conventional IBD therapies such as 5-ASA has been reported by
numerous studies using animal models of IBD. For example, poly adenosine diphosphate-
ribose polymerases (PARP) play a critical role in mediating inflammation and synthetic PARP
inhibitor has been shown to suppress intestinal inflammation by inhibiting NF-kB and STAT3
activations [590]. In the study by Kang et al., co-administration of synthetic PARP inhibitor
with mesalamine resulted in enhanced treatment efficacy when compared to administering
the inhibitor or 5-ASA alone, which highlights its potential as an adjunct treatment option
[591]. Similar findings were reported by Mostafapour et al., where significantly better clinical
outcomes were observed in DSS-insulted mice that received combination therapy of ACE
inhibitor Enalapril with SASP compared the mice that received Enalapril or SASP alone [592].
Future investigations studying the potential synergistic effects of the synthetic inhibitors and
herbal remedies describe in this thesis hold great excitements and could offer short-
immediate solutions for IBD patients that have poor response rates with currently available
therapies.

6.6. Limitation to IBD statistics & Concluding remarks

Lastly, it should be noted that most of the IBD-related statistics presented in the current thesis
were collected in or before the year of 2019, the period before the Coronavirus disease 2019
(COVID-19) pandemic. Soon after the declaration of the outbreak by World Health
Organisation, quarantine measures have been introduced by numerous countries in the world
to stop the spread of this contagious disease. As a result of these measures, significant
psychological disturbances such as emotional disturbance, depression and anxiety disorders
have emerged in the quarantined societies [593]. Concurrently, the society have adapted to
these policies by the introduction of working from home [594], increasing the prominence of
sedative lifestyles [595]. As physical inactivity and poor mental health are major risk factors
of IBD and other GIT disorders (See Introduction Chapter Sections 1.1.2 and 1.2.5.3), the
estimated incidence rate cited here could potentially be understated, further reinforcing the
need to identify novel complementary and/or alternate treatment options for IBD.

To conclude, novel therapeutic target research continues to be a topic of immense interest
and great importance, with the current thesis contributed to the field by describing the
therapeutic effects of synthetic MPO and PAD4 inhibitors and herbal remedies curcumin,
Hedyotis Diffusa and Amomum Villosum in animal models of IBD and defining the changes in
faecal SCFA levels in IBD patients on a spectrum disease severity.
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