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Abstract

Patients who undergo loop ileostomy surgery experience nutrient deprivation in the
distal, defunctioned ileum. As a result, dysbiosis, intestinal atrophy (particularly
reduced villus height), and potentialimmune dysregulation occurs. Following stoma
closure (reanastomosis), patients experience high incidence of post-operative
morbidity including post-operative ileus (POI) and anastomotic leak. This pilot study
consisted of two cohorts; one employed to elucidate the immune environment in the
defunctioned ileum and the second to investigate the physiological impacts of distal
limb stimulation (DLS). In stoma patients which had not received DLS, immune cell
populations (dendritic cells, CD103* dendritic cells, and T cells) were not impacted by
long-term nutrient deprivation, so the immunological impacts of DLS were not
investigated. Histochemical analysis showed DLS did not reverse villus atrophy in the
defunctioned ileum, but crypt depth was significantly increased, suggesting a potential

increase in proliferative activity in the crypt base.

Polyphenols, plant secondary metabolites, were considered for future inclusion in DLS
due to their anti-inflammatory and prebiotic properties. However, their impact is
limited by their poorly elucidated and generally low bioavailability in the small intestine.
Solid lipid nanoparticles (SLNs) were tagged to polyphenolic compounds extracted
extra virgin olive oil (EVOO) and a murine model was utilised to determine whether SLNs
improved polyphenol bioavailability. Initial data from high performance liquid
chromatography indicate SLN-tagged polyphenols were not detected in the liver,

suggesting polyphenols were not systemic and bioavailability was not improved.

This study has demonstrated an initial mucosal response to DLS, supporting its use
prior to reanastomosis, and with a greater duration of DLS and larger cohort, intestinal
atrophy may be reversed. At present, itis stillunknown whether polyphenols are
absorbed in the small intestine, whether they exert their prebiotic abilities on the
resident microflora, and whether SLNs impact these events. Therefore, this study is

unable to provide sufficient evidence to support the inclusion of polyphenols in DLS.
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1. Literature Review

1.1. Overview

Loop ileostomy surgery is required when pathologies of the lower gastrointestinal (Gl)
tract, such as colon cancer and inflammatory bowel disease (IBD), arise. Surgery
results in stoma formation which separates the ileum into two environments either side
of the stoma: the proximal, functional ileum and the distal, defunctioned ileum. As
waste is released via the stoma, the defunctioned ileum experiences nutrient
deprivation, causing microbial dysbiosis, characterised by a reduction in bacterial load
and number of beneficial species (Beamish et al., 2023; Lee et al., 2023). This
contributes to intestinal atrophy, such as reduced villus height, a decrease in Paneth
and goblet cells, and diminished stem cell activity (Beamish et al., 2017; Wieck et al.,
2017). Immunological homeostasis, although not thoroughly elucidated in stoma

patients, is also suggested to be disrupted by nutrient deprivation.

Loop ileostomy reversal (reanastomosis), which can be performed in approximately
75% of patients, is associated with high morbidity such as post-operative ileus (POI)
and anastomotic leak (El-Hussuna et al., 2012). Previous attempts to increase the
success of reanastomosis have implemented distal limb stimulation (DLS) (Abrisqueta
et al., 2014; Garfinkle et al., 2014), which is proposed to boost the depleted
microbiome and restore intestinal homeostasis. However, studies are scarce and have
only aimed to reduce post-operative morbidity, not investigate the impact of DLS on the

gut microbiome or intestinal physiology.

Dietary polyphenols, plant metabolites praised for their anti-inflammatory and prebiotic
properties (Marquez-Flores et al., 2016; Li et al., 2021), have not previously been
incorporated into DLS due to their poor bioavailability, particularly in the small intestine
(Clifford, 2004). However, intestinal polyphenol absorption may be improved by solid
lipid nanoparticles (SLNs), a drug delivery system, previously shown to enhance the
bioavailability of other nutraceuticals (Neves et al., 2013). Enhancing the bioavailability
of potentially beneficial compounds may improve their suitability for inclusion in DLS,

increasing its efficacy.
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1.2. The gastrointestinal tract

The gastrointestinal (Gl) tract is a collection of organs spanning from the oral cavity to
the anal canal, responsible for food digestion and absorption of nutrients. The majority
of digestion takes place in the stomach while absorption of nutrients occurs in the
smallintestine (Cheng et al., 2010). The large intestine (colon) is the site of waste
desiccation and compaction as well as water, vitamin, and metabolic ion absorption
(Kiela and Gishan, 2016). The small intestine is divided into three sections: the

duodenum (most proximal to the stomach), the jejunum, and the ileum (Figure 1.1.).

Esophagus
q

Stomach AT -
y
Duodenum [\

o

Small

Small s S
intestine

intestine

Cecum

E@Y“

; ~Colon
Appendix

- Rectum

__—Anus

Figure 1.1. Organisation of the gastrointestinal tract from oesophagus to anus (left)
and particular focus on the three distinct regions of the small intestine: duodenum,
jejunum, and ileum (right) (Palade et al., 2022; AboutKidsHealth.ca).

Smallintestinal tissue is composed of several layers, the innermost being the mucosa,
made up of a monolayer of intestinal epithelial cells (IECs) also known as enterocytes.
The mucosal layer, responsible for nutrient absorption and mucus secretion,

importantly forms the barrier between the luminal contents and the underlying tissue.
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Distinct features of the mucosa are the villi and crypts (Figure 1.2.). Villi are luminal
protrusions mostly composed of enterocytes and are maintained by intestinal stem
cells (ISCs) located in the crypt base. When activated, ISCs migrate out of the crypts

and differentiate into enterocytes, contributing to villus structure.

ISC activity is regulated by the stem cell niche, a micro-environment which supports
the self-renewal and differentiation of ISCs in the crypt base. Paneth cells, also located
in the crypt base, maintain the stem cell niche by secreting signals such as Wnt,
epidermal growth factor (EGF), and Notch (Bai et al., 2025). Paneth cells also
contribute to innate immunity by secreting antimicrobial peptides including a-
defensins like HD5 and HD6 which prevent pathogenic invasion (Porter et al., 2002).
Goblet cells are also located in the mucosal layer and are essential for preventing
infection through production of mucus. This mucus forms a barrier to protect the
intestine from toxins and aid the passage of faecal waste along the Gl tract. The lamina
propria (LP) is the layer situated below the mucosa and, exclusively in the ileum, is the
location of Peyer’s patches (PPs). These are a collection of lymphoid nodules also
involved in intestinal immunity and contain specialised microfold (M) cells which
capture and deliver antigens to immune cells (Mabbott et al., 2013). PPs are also
connected to mesenteric lymph nodes (MLNSs) responsible for activating adaptive

immunity.
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Figure 1.2. Mucosal physiology in the ileum with particular focus on the Paneth and stem cells in
the crypt base and differentiated enterocytes which contribute to villus structure (Ali et al.,
2020).

1.3. The gut microbiome

The breakdown and absorption of available nutrients in the Gl tract is dependent on the
resident microflora, comprised of bacteria, fungi, viruses, and archaea. Most of the
estimated one hundred trillion microorganisms in and on the body are confined to the
lower Gl tract (Turnbaugh et al., 2007). A mutualistic relationship exists between the
host and the gut (enteric) microbiome; resident microorganisms secrete digestive

enzymes required for food metabolism and nutrient absorption by the host and, in
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exchange, the microbiota exist in a hospitable environment with all necessary nutrients
available. Another benefit from the enteric microbiota is their production of metabolic
end-products utilised by host cells (Savage, 1986). These include short chain fatty
acids (SCFAs), produced through fermentation of dietary fibres (Topping and Clifton,
2001) involved in modulating intestinal motility, immunity, and gut barrier function

(Martin-Gallausiaux et al., 2021) (1.4.2.).

Native microflora also prevents the colonisation and infection of pathogenic
microorganisms (Libertucci and Young, 2018); germ-free (GF) mice (which have no
established microbiome) were unable to prevent Campylobacter jejuniinfection
whereas conventionally raised mice cleared the pathogen within two days, proving the
importance of the microbiome in preventing pathogenic translocation (Bereswill et al.,

2011).

1.3.1.Gastrointestinal microbial composition

1.3.1.1. Bacterial composition

Despite similarities in genera and species, an individual’s microbial composition is
completely unique (Gilbert et al., 2018) as it is determined by multiple factors including
diet, age, and genetics (Wen and Duffy, 2017). Indicated in Figure 1.3., the bacterial
composition (bacteriome) and bacterial load varies between regions of the Gl tract,
with the colon having the greatest bacterial density of approximately 10'2CFU/ml
(Rastall, 2004). In comparison bacterial load in the small intestine increases from
approximately 10*° CFU/mlto 10-® CFU/ml from the duodenum to the ileum (KastlJr et
al., 2020). A unique feature of the ileum is its two most abundant phyla are Firmicutes
and Actinobacteria rather than Firmicutes and Bacteroidetes which are most abundant
in other regions of the Gl tract (Villmones et al., 2018). Alterations in bacterial species,
even between sections of the small intestine, result from changes in environment
including a decrease in oxygen content along the Gl tract (Albenberg et al., 2014).
Decreasing partial oxygen pressure (pO) leads to the highest proportion of obligate
anaerobes in the ileum compared to the duodenum and jejunum and an even greater

proportion in the colon (Hayashi et al., 2005).
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Figure 1.3. Changes in environment and common taxa along the Gl tract. While
partial oxygen pressure (pO.) decreases, bacterial load, pH, and mucus thickness
increase from stomach to rectum (McCallum and Tropini, 2024).

As previously mentioned, the most abundant phyla in the Gl tract are Firmicutes and
Bacteroidetes which account for approximately 90% of all bacteria (Eckburg et al.,
2005). Many studies examine the ratio between these two phyla (Firmicutes :
Bacteroidetes, F:B) to identify changes in microbial composition. Also frequently used
to track changes to the microbiome are Bifidobacteria (Firmicutes) and Lactobacillus
(Actinobacteria), beneficial due to their association with immunomodulation and

infection prevention (Vlasova et al., 2016).

1.3.1.2. Fungal composition

The fungal populations that exist along the Gl tract (mycobiota) only account for

approximately 0.1% of the total microbial DNA (Qin et al., 2013) and the composition of
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the mycobiome is determined by similar factors as the bacteriome (Mims et al., 2021).
Mycobial composition is not thoroughly elucidated but Ascomycota and Basidiomycota
are reported as dominant phyla while abundant genera include yeasts, namely
Saccharomyces, Malassezia, and Candida (Nash et al., 2017). Despite their lower
abundance, the resident fungi are stillimportant for maintaining gut homeostasis and

preventing infection (Pareek et al., 2019; Markey et al., 2018).

1.3.1.3. Viral composition

The gut virome consists of all viruses found within the Gl tract, the composition and
physiological effect of which is largely unknown. Itis estimated there are over 10"
virus-like particles (VLPs) per adult human, approximately 90% capable of infecting
prokaryotes (Shkoporov and Hill, 2019). The composition of the virome is considerably
less elucidated than the bacteriome or mycobiome, but the most abundant order and
family are reported to be dsDNA Caudovirales and ssDNA Microviridae respectively
(Manrique et al., 2016; Minot et al., 2013). As with bacteria and fungi, the viral
composition of the gut is influenced by lifestyle and genetics (Cao et al., 2022) although
the function of the virome is generally unknown. However, viruses in the Gl tract are
proposed to regulate the host’s innate and adaptive immune system (Popescu et al.,

2021).

1.4. Substrates that influence micobial composition

As previously mentioned, several factors influence gut microbial composition, an
important aspect being diet. Different foods have either positive or negative effects on
the microbiome, either contributing to microbial homeostasis or leading to an increase
in harmful bacteria. Compounds reported to positively influence microbial
composition include diet-based probiotics and prebiotics and bacteria-produced

SCFAs.
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1.4.1.Probiotics

Probiotics are described as “live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host” (Hill et al., 2014). Probiotics are reported
to improve gut microbial composition by producing antimicrobial agents which
suppress and outcompete harmful microbes for attachment (Spinler et al., 2008;
O’Shea et al., 2011; Collado et al., 2007). However, probiotics have had disputed
success, as studies have shown the enteric microbial composition is unchanged
following probiotic intake. For example, several studies have demonstrated that
administration of probiotics such as Lactobacillus acidophilus NCFM, Bifidobacterium
animalis subsp. lactis Bi-07 (Larsen et al., 2011), and Lactobacillus rhamnosus
(Laursen et al., 2017) did not significantly alter the gut microbial compositon. This
suggests probiotics are not capable of restoring eubiosis, possibly due to poor
attachment and colonisation of the Gl tract. Comparitively, administration of
Lactobacillus plantarum 299V successfully reduced inflammatory bowel disease (IBD)-
related symptoms, such as abdominal pain and stool inconsistency (Niedzielin et al.,
2001) and administration of probiotics to colorectal cancer patients increased
transepithelial resistance and enhanced mucosal tight junction protein expression (Liu
et al., 2011). Therefore, despite limited evidence to support their influence on the
microbiome, probiotics may improve intestinal barrier integrity in pathology models

which experience dysbiosis (Hemarajata and Versalovic, 2013).

1.4.2.Short chain fatty acids

Short chain fatty acids (SCFAs), most abundantly butyrate, propionate, and acetate are
produced by beneficial gut bacteria through anaerobic fermentation of non-digestible
dietary residues. This is most commonly performed by colonic bacteria (Table 1.1.),
with lesser amounts produced in the small intestine. SCFAs are capable of lowering
colonic pH (Cummings et al., 1987), creating a more favourable environment for SCFA-
producing bacteria like Roseburia spp. and Faecalibacterium prausnitzii (\Walker et al.,

2005) and preventing the overgrowth of harmful bacteria such as Escherichia coli
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(Wolin, 1969). This creates a virtuous cycle of greater SCFA production and greater

abundance of beneficial bacteria, improving the intestinal environment.

As well as influencing microbial composition, SCFAs also maintain gut barrier integrity
(Kelly et al., 2015; Peng et al., 2009) and influence host metabolism and immunity
(Vinolo et al., 2011). In particular, butyrate reduces the number of pro-inflammatory
dendritic cells (DCs) (Andrusaite et al., 2024) and other SCFAs have been shown to
regulate pro- and anti-inflammatory T cell responses (Park et al., 2015; Zhou et al.,
2018). Additionally, SCFAs decrease pro-inflammatory cytokine expression such as
TNF-a and boost metabolism by increasing levels of Peptide YY (PYY) and glucagon-like
peptide-1 (GLP-1) (Freeland and Wolever, 2010).

Table 1.1. Abundant short chain fatty acids and common species by which they are produced.

Short-chain
Known bacterial producers Reference

fatty acid

e FEubacterium rectale (Er) Riviere et al., 2016
e Eubacterium hallii (Eh) Duncan et al., 2004
Butyrate e Coprococcus catus (Cc) Holderman and Moor, 1974
e Faecalibacterium prausnitzii (gpb) Zsr;ou St atl., 12021321
e Clostridium butyricum (Cb) Stoeva etal.,
e Akkermansai muciniphula (Ak) Derrien et al., 2004
. e Bacteroides thetaiotaomicron (Cc) Reichardt et al., 2014
Propionate e Veillonella parvula (Bt) Wrzosek et al., 2013
e Coprococcus catus (Vp) Ng and Hamilton, 1971
e Lactobacillus plantarum (Lp) Hongeetal., 2021
e Prevotella spp. (Bh) Wang et al., 2023
e Streptococcus spp. (C spp.) Guo et al., 2020
e Bacteroides spp. (Bi spp.) Fukuda et al., 2012
Acetate e Bifidobacterium spp. (Ba spp.) Hor'vath et al., 2022
e Clostridium spp. (S spp.) Tagaino et al., 2019
. . P JH tal., 2024
e Blautia hydrogenotrophica [Pel2Iz) (R (ERntEls GiEe)
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1.4.3.Prebiotics

A separate category of substrates proven to alter intestinal microbial composition are
prebiotics, compounds metabolised by the gut microbiome, improving its composition
and activity. There is a broad spectrum of prebiotics (Figure 1.4.) and their ability to
improve the gut microbiome in turn confers beneficial physiological effects to the host

(Bindels et al., 2015).

Prebiotic classification

T

Carbohydrates Phytochemicals Others
Oligosaccharides Disaccharides Polysaccharides Polyphenols Proteins.
Growth factors,
PUFAs,
Qrganic acids,
GOS, FOS, XO0S, Lactfulose B-glucans, Pectins, . Bacterial
IMO, Inulin Guar gum, Resistant Phefiolic acids, metabolites

Flavonoids, Lignan
starches ARG anans

Figure 1.4. Classes and subclasses of prebiotics (Hurtado-Romero et al., 2020).

There is substantial evidence supporting the ability of prebiotics to change microbial
populations; Jerusalem artichoke-derived inulin (Ramnani et al., 2010), the dietary
fibre, gum Arabic (Calame et al., 2008), and fructooligosaccharides (FOS) (Tandon et
al., 2019) increased the abundance of beneficial genera, Bifidobacteria and
Lactobacillus. Additionally, wheat dextrin consumption decreased the abundance of
harmful Clostridium and increased the abundance of beneficial Bacteroides (Lefranc-
Millot et al., 2012). As well as directly influencing bacterial populations, prebiotic
components of chicory root extract including inulin, sesquiterpene lactones, and FOS
correlated to an increase in SCFA levels (Baxter et al., 2019) and a decrease in pro-

inflammatory TNF-q, IL-1B, and IL-8 expression (Pouille et al., 2022).
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Similarly to probiotics, prebiotics can reduce the severity of certain diseases;
administration of galactooligosaccharides (GOS) to IBS patients increased
Bifidobacteria abundance as well as reducing IBS-associated side effects like bloating,
stoolinconsistency, and flatulence (Silk et al., 2009). Prebiotics, namely dietary fibres,
can also prevent infection by increasing Gl mucin production, reducing the risk of

pathogenic translocation through the mucosa (Satchithanandam et al., 1990).

1.4.3.1. Polyphenols

A sub-class of prebiotics are polyphenols; a group of over 8000 compounds defined as
plant secondary metabolites which can be divided into four broad categories (Figure

1.5.) (Wang et al., 2022).

Polyphenols
Flavonoids Phenolic acids Polyphenolic amides Non-flavonoids
» Isoflavones * Hydroxybenzoic acids » Capsaicinoids + Stilbenes
- Anthocyanins * Hydroxycinnamic acids » Avenanthramides * Lignans

* Flavones

Figure 1.5. The four main groups (and sub-groups) of dietary polyphenols.

Numerous studies have demonstrated the ability of polyphenols to influence the gut
microbial composition, suggesting they possess prebiotics properties. Multiple
polyphenols have increased the abundance of gut barrier protectors, Lactobacillus,
Bifidobacteria, and Bacteroides and decreased the abundance of harmful bacteria

such as Clostridium spp. (Molan et al., 2014; Liu et al., 2014; Wang et al., 2020).
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SCFA-producing bacteria were also increased following polyphenol consumption such
as Faecalibacterium prausnitzii and Roseburia (Moreno-Indias et al., 2016). This
increased SCFA production corresponded to reduced inflammation, indicating
polyphenols influence the intestinal environment (Xu et al., 2022). Polyphenol
consumption also decreased B-glucuronidase activity, a bacterial enzyme associated
with increased risk of colorectal cancer, suggesting microbial activity is also affected by

polyphenols (Jurgonski et al., 2014).

1.5. Enteric bacteria and intestinal barrier function and repair

The importance of the gut microbiome in maintenance of intestinal epithelial barrier
function has been demonstrated and, additionally, how a disrupted gut microbiome
leads to impaired barrier function and diminishes damage repair. A large proportion of
intestinal cell types are mediated by the gut microbiota, particularly enteric bacteria;
for example, the gut microbiome mediates goblet cell differentiation in intestinal crypts
through TLR (toll-like receptor) signalling (Engevick et al., 2019). Goblet cells and IECs
are also indirectly controlled by the gut microbiota; IL-10, which influences goblet cell
differentiation and IEC proliferation is upregulated by gut bacteria-produced indole,

acting upon the xenobiotic aryl hydrocarbon receptor (AhR) (Powell et al., 2020).

GF mouse models have demonstrated the involvement of enteric bacteria in gut barrier
function. Colonisation of GF mice with Bacteroides thetaiotaomicron proved its
involvement in nutrient absorption, mucosal barrier fortification, and angiogenesis
(Hooper et al., 2001). Although Paneth cell differentiation can occur independently of
microbial stimuli (Putsep et al., 2000), enteric microbiota can induce their activity, such
as increase expression of antimicrobial peptide, Reg3y (Schoenborn et al., 2019).
Paneth cell activity can also be triggered by the MyD88-dependent TLR pathway,
activated by the gut microbiome (Cheng et al., 2019). Additionally, GF mice experience
a reduction in Paneth cell numbers (Schoenborn et al., 2018) suggested to result from
reduced intestinal turnover (Hassan et al., 2023). Furthermore, intestinal motility is

regulated by bacteria-produced SCFAs via serotonin production (Buey et al., 2023) and
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enteric nervous system (ENS) development, which controls gut motor and sensory

function, is also mediated by the gut microbiome (Collins et al., 2014).

1.5.1.Dysbiosis hinders damage repair

Disruption to the enteric microbial composition (gut dysbiosis) can be characterised by
an increase in harmful bacteria, a reduction in beneficial bacteria, or a reductionin
total bacterial load. Stress and lack of sleep or changes in lifestyle or diet can cause
dysbiosis (Madison and Kiecolt-Glaser, 2019; Sun et al., 2023). For example, increased
fat consumption increases the abundance of Erysipelotrichales, Bacilli,

and Clostridiales which can detrimentally raise the F:B ratio (Velasquez., 2018).
Antibiotic treatments can also cause dysbiosis by reducing microbial diversity and
abundance of beneficial bacteria which contributes to intestinal permeability (Palleja et

al., 2018).

During dysbiosis, intestinal barrier physiology cannot be maintained, and damage
repair mechanisms are diminished. GF mice took significantly longer to recover from
dextran sodium sulphate (DSS)-induced damage compared to partially colonised
specific pathogen-free (SPF) mice (Zhan et al., 2013). Additionally, antibiotic-treated
mice were more susceptible to DSS damage compared to fully colonised mice
(Hernandez-Chirlaque et al., 2016) and halting antibiotic treatment and restoring a
healthy gut microbiome improved mucosal repair mechanisms (Rakoff-Nahoum et al.,

2004).

Via TLR signalling, the gut microbiome influences mucosal repair through activation of
IL-6, TNF, and KC-1 release. This activation was diminished in GF mice which
experienced greater haemorrhage, epithelial injury, and mortality due to a weakened
intestinal barrier (Hernandez-Chirlaque et al., 2016). The hindered colonic damage
repair observed in GF mice was also associated with a reduction in epithelial
proliferation, indicating the gut microbiome influences intestinal proliferative activity
(Pull et al., 2005). Intestinal weight and length were also reduced in GF mice, further
supporting the association of enteric bacteria with proliferative activity. Additionally,

angiogenesis, the process of vasculature formation, was also arrested in GF mice and
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forty-nine angiogenesis-associated genes were downregulated, leading to a decline in
villus microvasculature (Stappenbeck et al., 2002; Romero et al., 2022). This gives

further evidence that effective intestinal barrier integrity is reliant on eubiosis.

Several diseases have been associated with bacterial dysbiosis, including the
inflammatory bowel diseases, Crohn’s disease and ulcerative colitis (Tamboli et al.,
2003) and other inflammatory diseases like rheumatoid arthritis (Zhang et al., 2015) and
atherosclerosis (Karlsson et al., 2012). Other pathologies include polycystic ovary
syndrome and type Il diabetes mellitus (Duan et al., 2021) and there is also a
correlation between gut dysbiosis and depression and anxiety (Naseribafrouei et al.,

2014; Carabotti et al., 2015).

1.6. Gastrointestinal Immunity

Intestinal immunity is extremely important and expansive, with approximately 70% of
total immune cells located in the gut-associated lymphoid tissue (GALT) (Vighi et al.,
2008). The primary role of the GALT is to prevent pathogenic infection whilst
maintaining tolerance towards resident microorganisms, preventing unnecessary
immune responses (autoimmunity) as well as supporting immune cell development.
Intestinal immunity also maintains gut barrier function by influencing IEC proliferation
and differentiation (Soderholm and Pedicord, 2019). Immune populations and the gut
microbiota interact with each other to maintain homeostasis and preserve intestinal

barrier integrity.

1.6.1.Innate intestinal immunity

There are two branches of the immune system: innate and adaptive immunity. Innate,
or ‘non-specific’ immunity, is the first line of defence against infection and
encompasses immune cells such as macrophages, neutrophils, and DCs. Many innate
immune cells are phagocytic antigen presenting cells (APCs), recognising, engulfing,
and digesting foreign material then displaying the pathogen’s antigens to activate

adaptive immune cells (Martins et al., 2023). Enterocyte-produced antimicrobial
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peptides including defensins, Reg3y, and cathelicidins are also an essential element of
innate immunity in the Gl tract by either killing pathogens or promoting their clearance
(Zong et al., 2020; Vaishnava et al., 2011). Immunoglobulin A (IgA), an antibody
produced by adaptive immune cells is also involved in innate immunity by binding to

pathogens and preventing adherence to the mucosa.

1.6.1.1. Dendritic cells

DCs are bone-marrow-derived APCs that exist in several layers of the small intestine,
including the mucosa, LP (Mayrhofer et al., 1983) (particularly in PPs (Kelsall and
Strober, 1996)), and the MLNs. Depending on the organ, intestinal DCs represent
between 1-5% of tissue cells (Merad et al., 2013) and have importantroles in
connecting innate and adaptive immunity and maintaining intestinal homeostasis. DCs
are of particular interest as different subsets are involved in either protection against
pathogens or tolerance towards commensal bacteria (Fucikova et al., 2019). AlLDCs
constitutively express surface markers including MHC Class Il (also known as HLA-DR),
CD11c, and CD45 (Inaba et al., 1992) but can be separated into distinct subsets,

categorised by their expression of surface proteins CD103 and CD11b.

1.6.1.1.1. CD103*/.DC subsets

Conventional DC1 (cDC1) are a CD103* CD11b" subset whereas cDC2 are primarily
CD103* CD11b* with an additional population of CD103-CD11b* DCs. ¢cDC1 can also
be identified by XCR1 (X-C motif chemokine receptor 1) expression whereas cDC2
express SIRPa (signal-regulatory protein alpha) (Gurka et al., 2015). Of the cDCs that
reside in the LP prior to migration to MLNs, approximately 64% are CD103* (Johansson-
Lindbom et al., 2005) but cDC populations vary along the Gl tract. In the small intestine
and associated MLNs, cDC1 are most abundant whereas in the colon and associated
MLNs, cDC2 are most abundant (Houston et al., 2016). cDCs are responsible for
eliciting both tolerogenic and inflammatory responses by activating the adaptive

immune response (Table 1.2.).
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1.6.2.Adaptive intestinal immunity

Also known as acquired or specific immunity, and contrastingly to the nonspecific
activity of innate immune cells, specific antigens on pathogens are identified by
adaptive immune cells (Ahuja, 2008). T and B lymphocytes are immune cells involved
in adaptive immunity; B cells elicit a humoral immune response by interacting with a
pathogenic antigen, causing the synthesis and secretion of immunoglobulins including
IgA which neutralize the pathogen (Alberts et al., 2002). T cells are involved in cell-
mediated immune responses; specifically, helper T (Th) cells are stimulated by APCs,
allowing activation and expansion of cytotoxic T cells, launching a sufficient immune
response. Adaptive immunity also ensures lifelong protection from pathogens via

memory T cells.

T cells are either pro- or anti-inflammatory, depending on their function and the type of
T cell thatis activated is dependent on which immune response is required. For
example, regulatory T cells (Tregs) are activated for intestinal tolerance towards
commensal microorganisms to prevent autoimmunity and chronic inflammation
(Sakaguchi et al., 2001). All Tregs are suppressive to autoimmunity as well as helping
the immune system controlits response to foreign antigens. The FoxP3* subset of Tregs
additionally has the capacity to suppress the activity of other immune cells,
contributing to immune homeostasis (Gavin et al., 2007). Oppositely to the anti-
inflammatory activity of Tregs, under pathogenic invasion, helper T cells like Th1 and
Th17 release proinflammatory cytokines like IFN-y, IL-2, and TNF- to activate cytotoxic

T cells capable of killing pathogens (Sallusto et al., 1998).

1.6.2.1. T cell activation by CD103*/.DC subsets

Different CD103*/. DC subsets are responsible for the activation of the appropriate T
cell type, depending on the required immune response. DCs migrate from the LP to the
MLNs where immature T cells are activated (Shiokawa et al., 2017). To launch an anti-
inflammatory response, CD103* CD11b" (cDC1) and CD103" and CD11b* (cDC2) DCs
activate Tregs (Welty et al., 2013; Bain et al., 2017); DCs express aldhla1l (Coombes et

al., 2007), aretinal dehydrogenase involved in conversion of retinal (from Vitamin A) to

33



retinoic acid (RA) needed for FoxP3* Treg migration to the LP. FoxP3* Treg migration is
alsoreliant on TGF-B (Chen et al., 2003), activated by the expression of aV8, ltbp3 and
plat by CD103* DC subsets (Worthington et al., 2011; Siddiqui and Powrie, 2008; Annes
et al., 2003).

To launch a pro-inflammatory response, Th1 and Th17 cells are activated. Th1is
activated by both cDC subsets (Liang et al., 2016; Luda et al., 2016) whereas Th17 is
solely activated by the cDC2 subset and is reliant on IL-6 and interferon regulatory
factor 4 (IRF4) production (Persson et al., 2013). Another helperT cellis Th2, which is
primarily activated by cDC2 and protects against parasitic infection (Redpath et al.,
2018). Th2 cells are anti-inflammatory and produce cytokines such as IL-4 and IL-21,
which inhibit Th1 activation, and IL-10, which inhibits the release of pro-inflammatory
cytokines from Th1 cells (Wurster et al., 2002; Fiorentino et al., 1991). While they are
activated by the cDC2 subset, Th2 cells can also be suppressed by cDC1 through their
constitutive expression of IL-12 (Everts et al., 2016). The subset of cDC1 that performs
this differs between the small intestine (CD103* CD11b*) and colon (CD103- CD11b")
(Mayer et al., 2017).

Table 1.2. FoxP3* Tregs and T helper cells are activated by specific CD103"/.
DC subsets.

CD103* CD11b" CD103* CD11b* CD103 CD11b*

X

(FoxP3*) Tregs

Th1

Th2

X X < <
€ < £

v
v
v
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1.7. Nutrient deprivation disrupts the microbial composition and

intestinal physiology

Nutrient deprivation occurs when the faecal stream is ceased, preventing luminal
stimulation in the Gl tract. Nutrient deprivation models, discussed below, experience
physiological and immunological changes, which studies propose are caused by the

disruption of the intestinal microbial composition experienced in these models.

1.7.1.Total Parenteral Nutrition

An example of nutrient deprivation is total parenteral nutrition (TPN) which eliminates
the faecal stream from the intestine as the patient receives all necessary nutrients
intravenously. Dysbiosis associated with TPN is characterised by a reduction in
Firmicutes and an increase in Bacteroidetes and Proteobacteria (Heneghan et al.,
2014). In rodent studies, the physiological changes caused by TPN have been
highlighted, for example, a reduction in ileal Paneth cell activity and a concomitant
decrease in antimicrobial proteins such as Reg3y and cryptdin-4. Other physiological
changes include intestinal atrophy, characterised by a reduction in ileal thickness and
villus height (Chance et al., 1998). This atrophy was associated with a decrease in gut
barrier and immune function (Alverdy and Burk, 1992; Alverdy et al., 1985) causing an
increase in potential bacterial translocation across the gut wall (Alverdy et al., 1988).
TPN also caused a 46% reduction in enterocyte proliferation rate, a three-fold increase
in enterocyte apoptosis, and a 3.5-fold increase in pro-inflammatory IFN-y expression

(Yang et al., 2003).

TPN-induced physiological changes have also been demonstrated in human studies,
namely a reduction in jejunal villus height and area and a decrease in crypt depth (Feng
et al., 2009). Although villus and crypt reductions were not significant in the ileum, ileal
tissue mass and protein content were reduced following TPN (Kansagra et al., 2003).
This atrophy and decline in epithelial barrier function has been proven to result from a
decrease in growth factors, diminishing proliferative activity and increasing apoptosis

(Demehri et al., 2013).
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TPN also causes many immunological changes in the intestine, particularly disruption
to the GALT, leading to the upregulation of pro-inflammatory cytokines such as IFN-y
and TNF-a (Yang et al., 2008). This upregulation increases intestinal inflammation,
eventually resulting in mucosal atrophy, characterised by a reduction in IEC
proliferation and increase in apoptosis (Wildhaber et al., 2002). TPN is also detrimental
to cell recruitment, decreasing lymphocyte populations in the GALT which decreases
IgA levels (King et al., 1997). A reduction in IgA decreases antimicrobial production, and
levels of antimicrobial signals such as secretory phospholipase A2 (sPLA2) from Paneth
cells and MUC2 from goblet cells are decreased (Heneghan et al., 2014). Lower IgA
also dampens adaptive immune cell activation as IgA is involved in immune tolerance
(Patel and Jialal, 2023). PPs also experience atrophy, leading to decreased mucosal
lymphocyte activation (Nakasaki et al., 1996). These alterations to intestinal physiology
and immunity are associated with shifts in enteric microbial composition, namely an
increase in Gram-negative Proteobacteria associated with increased expression of

proinflammatory cytokines and inflammation (Mukhopadhya et al., 2012).

1.7.2.Loop ileostomy and loop ileostomy reversal

Loopileostomy is a surgery required under certain pathologies of the lower Gl tract
such as colon cancer and IBD (Banaszkiewicz et al., 2015; Estrada et al., 2021).
Patients are left with a stoma (Figure 1.6.A.) which diverts faecal waste through the
abdominal wall, preventing it passing through the terminal section of the small intestine
and the colon (Beamish et al., 2017). Therefore, the distal, defunctioned ileum

experiences nutrient deprivation.

When the lower Gl tract has healed (typically after approximately six to twelve months),
patients can undergo reversal surgery (reanastomosis). This involves reattaching the
proximal (functional) and defunctioned sections of the ileum (Figure 1.5.B) and pushing
it back through the abdominal wall. Reanastomosis is possible in approximately 75% of
patients, however, approximately 25% (some reports as high as 40% (Beamish et al.,

2023)) of cases experience post-operative morbidity such as temporary bowel paralysis
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(ileus), anastomotic leak into the abdominal cavity, and infection (El-Hussuna et al.,

2012).

A Functional ileum Defunctioned ileum B
(Normal) (Enterally Deprived) Reanastomosis

N 4 —
Abc\l:\)/;nnj_____ﬂ ——
C‘ Reversal Surgery
ZA

Figure 1.6. Process of loop ileostomy reversal surgery: (A)- diversion of faecal
stream (stoma), (B)- reconnected ileum following reversal surgery
(reanastomosis) (Beamish et al., 2017).

1.7.2.1. Altered physiology in the defunctioned ileum

Diversion of the faecal stream detrimentally alters the intestinal physiology, particularly
in the mucosal layer. Healthy smallintestinal mucosa is characterised by long villi and
shallow crypts, but intestinal damage and inflammation is associated with shorter villi
and deeper crypts (Ducatelle et al., 2018). Nutrient deprivation in the defunctioned
ileum causes a reduction of villus height as well as reduced proliferation, contributing
to ileal atrophy characterised by a reduction in villus height (Beamish et al., 2017).
Unlike in TPN patients which experience an increase in apoptosis, the reduction in
villus height in the defunctioned ileum was suggested to result solely from halted
epithelial proliferation possibly due to a decline in pro-proliferative microbial-produced
signals (Beamish et al., 2017). The defunctioned ileum also experiences a loss of both
circular and longitudinal smooth muscle, reduced isometric contractility (Williams et

al., 2007), and reduced intestinal motility (Burghgraef et al., 2020; Huang et al., 2017).
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Goblet cells and Paneth cells both saw a mean reduction in the defunctioned ileum
(Watanabe et al., 2022; Wieck et al., 2017) which may contribute to mechanical and

immunological dysregulation.

1.7.2.2. Dysbiosis in the defunctioned ileum

In addition to changes to intestinal physiology, microbial composition in the
defunctioned ileum is also disrupted. lleostomy caused a reduction in microbial
complexity and proportions of beneficial bacteria whilst increasing the abundance of
harmful bacteria in the defunctioned ileum (Table 1.3.) (Lee et al., 2023). Areductionin
microbial diversity and abundance has been proposed (Sakai et al., 2022) however,
another study did not find a reduction in species diversity, only a reduction in bacterial
load by approximately 64% (Beamish et al., 2023; Beamish et al., 2017). Additionally,
Beamish et al., 2023 reported that patients with a greater decrease in bacterial load in
the defunctioned ileum experienced a higher incidence of post-operative morbidity,
highlighting the importance of the gut microbiome in maintaining intestinal

homeostasis.

SCFA levels were also reduced in the defunctioned ileum (Sakai et al., 2022), expected
to be detrimental to intestinal barrier integrity and immunity which are influenced by
SCFAs (Martin-Gallausiaux et al., 2021). Additionally, an increase in oxygen contentin
the defunctioned ileum resulted in a switch from obligate anaerobes (predominantly
Bacteroides and Clostridia) to facultative anaerobes (most abundantly Lactobacilli and

Enterobacteria) (Hartman et al., 2009).
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Table 1.3. Changes in proportions of beneficial and harmful bacteria in the defunctioned
ileum following stoma formation. Loop ileostomy causes an increase in harmful bacteria
and a decrease in beneficial bacteria (Lee et al., 2023).

Bacterial genus Beneficial or Harmful Control(;:/:;)portion pr:)lZZ:ttic:)r:{%)
Lachnospiraceae Beneficial 29.9 3.8
Ruminococcaceae Beneficial 18.4 0.6
Blautia Beneficial 9.1 0.1
Faecalibacterium Beneficial 7.5 0.2
Proteobacteria Harmful 5.1 17.9
Clostridium Harmful 1.1 16.2
Streptococcus Harmful 1.6 17.7

1.7.2.3. Intestinal atrophy is associated with dysbiosis

Intestinal atrophy in ileostomy patients has previously been attributed to reductions in
bacterial load and diversity (Williams et al., 2007; Lapthorne et al., 2013). As previously
discussed (1.5.), the gut microbiome is essential for intestial barrier function and
repair, demonstrated by GF and TPN models. The absence of an established
microbiome results in a reduction in goblet cell abundance (Yousefi et al., 2025) and
Paneth cell numbers (Schoenborn et al., 2018), changes which are also observed in the
defunctioned ileum (Watanabe et al., 2022; Wieck et al., 2017). Mucosal atrophy such
as reduced villus height is observed in both TPN and ileostomy patients (Feng et al.,
2009; Beamish et al., 2017) supporting the association of intestinal atrophy with

dysbiosis. Therefore, the alterered intestinal physiology and post-operative
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complications associated with reanastomosis can be attributed to dysbiosis in the

defunctioned ileum and restoring eubiosis may reverse intestinal atrophy.

1.7.2.4. Possible immune dysregulation in the defunctioned ileum

The impacts of ileostomy on physiology and microbial composition are vastly more
investigated than the immunological state of the defunctioned ileum. The studies that
have compared immune cell populations between the functional and defunctioned
ileum are limited and have solely focused on adaptive immune cells. Some studies
witnessed a decline in T cell populations (Watanabe et al., 2022; Li et al., 2022)
whereas others did not (Turki et al., 2019). None of these studies have investigated
innate immune cell populations and give limited insight into the potentialimmune
dysregulation in the defunctioned ileum. Other nutrient deprivation models have
experienced changes in immune cell activity (Yang et al., 2008; King et al., 1997) so this

is also likely experienced by stoma patients.

1.8. Distal limb stimulation

Previous studies have demonstrated that restimulation following nutrient deprivation
has contributed to the reversal of intestinal atrophy and immune dysregulation;
stimulation with enteral feeding in TPN rodent models increased villus height and gut
weight (Mukau et al., 1994) and swiftly restored lymphocyte numbers in the GALT (Janu
et al., 1997). Distallimb stimulation (DLS) describes the process of pre-operatively
stimulating the defunctioned ileum of ileostomy patients prior to reanastomosis to
improve intestinal barrier integrity (Blanco et al., 2023). DLS can range from saline
solutions, prebiotic suspensions, or faecal recycling and aims to reduce post-operative

morbidity.

There have been few attempts to reverse this atrophy and reduce related complications
and the mechanistic effects of DLS are poorly elucidated. Early studies, such as Wong
et al., 2004, demonstrated DLS was a safe practice and, injection of proximal effluents

in to the defunctioned ileum (faecal recycling) decreased post-operative complications
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like anastomotic leakage (Lau et al., 2016). However, not all studies yielded success,
as DLS with succus entericus (intestinal juice) did not reduce post-operative ileus (POI)

incidence (Liu et al., 2021).

The gut microbiome contributes to intestinal barrier function, and the decrease in
epithelial proliferation in the defunctioned ileum is suggested to be caused by a decline
in pro-proliferative microbial sighals (Beamish et al., 2017). Therefore, restoration of
the ileal microbiome has been of particular interest in recent DLS studies which have
utilised either probiotics or prebiotics to reverse dysbiosis. These studies hypothesise
that restoring eubiosis prior to reanastomosis will reverse intestinal atrophy and

improve gut barrier function, reducing post-operative morbidity.

One study introduced a probiotic cocktail containing Lactobacillus, Bifidobacterium,
and Streptococcus strains into the defunctioned ileum (Rodriguez-Padilla et al., 2021)
but did not find a significant reduction in POl incidence compared to control groups and
oraltolerance and hospital stay also did not differ. This could suggest probiotics are
unable to restore eubiosis; as previously mentioned (1.4.1.), the ability for probiotics to
influence microbial composition is disputed so administration is unlikely to reverse

intestinal atrophy or reduce post-operative morbidity.

Alternatively, two studies assessed the impact of prebiotic DLS prior to reanastomosis,
utilising a prebiotic suspension of saline and thickening agent (Nestle®©® Thicken-up®©)
(Abrisqueta et al., 2014; Garfinkle et al., 2023). Although microbial populations were
not investigated, POl incidence was significantly lower in both studies as well as shorter
hospital stay and return to oral tolerance. These studies may support the use of
prebiotics over probiotics to reduce post-operative complications as their ability to
reverse dysbiosis has been proven (Ramnani et al., 2010). A separate study
implemented faecal recycling as DLS for fifteen days prior to reanastomosis also
significantly reduced POl incidence as well as shorter time to restoration of bowel
function and shorter time to tolerance of liquids (Ocafa et al., 2022). Additionally, the
inclusion of SCFAs in DLS has also reduced post-operative morbidity, namely a

reduction in hospital stay duration (Fernandez Lépez et al., 2019).
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Unfortunately, previous prebiotic studies have only examined morbidity incidence and
not investigated the impact of DLS on the microbial composition or mucosal physiology
(Dilke et al., 2020). However, a murine study reversed mucosal atrophy by injecting
discharged stool from the functional ileum into the defunctioned ileum. This faecal
recycling increased the ratio of defunctioned vs functional villous height (0.81 control,
0.97 after DLS) supporting the hypothesis that DLS restores intestinal physiology (Uga
et al., 2021). Additionally, DLS increased proliferating cell nuclear antigen (PCNA)
expression, suggesting a restoration in proliferative activity and potential reversal of
atrophy (Zhu et al., 2011). Therefore, the reduced incidence of post-operative morbidity
observed in human DLS studies are likely attributed to a reversal in mucosal atrophy
and restoration of intestinal barrier integrity. The success of prebiotic studies indicates
that targeting the microbiome is essential for reversing intestinal atrophy, although this

can only be hypothesised.

1.9. Polyphenols: a proposed addition to DLS

As previously mentioned (1.4.3.1), polyphenols are plant secondary metabolites known
to have anti-inflammatory, anti-cancer and, importantly, prebiotic abilities.
Polyphenols can be found in either free form (aglycones), bound as sugars with other
compounds (glycosides), or bound to the plant’s cell wall. Around two thirds of
polyphenols consumed in a typical human diet are flavonoids (mostly flavanols and
anthocyanins) with other polyphenols ingested in smaller quantities (Scalbert and
Williamson, 2000). The intestinal atrophy observed in the defunctioned ileum of stoma
patients is proposed to be caused by a reduction in bacterial load (Beamish et al., 2017)
and, therefore, targeting the microbiome with prebiotics like polyphenols could resolve

mucosal atrophy.

1.9.1.Effect of polyphenols on pathologies

Inclusion of polyphenols in the diet is associated with numerous health benefits and

increased intake has successfully reduced the severity of several diseases including
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cancer and heart disease. Studies have shown a positive association with flavonoid
intake and reduced risk of lung (Christensen et al., 2012), breast (Hui et al., 2013), and
gastric cancer (Woo et al., 2014), although the latter is disputed by a separate study
(Petrick et al., 2015). Flavonoids have also successfully reduced the risk of
cardiovascular diseases like coronary heart disease (Knekt et al., 1996) and other
polyphenols have demonstrated benefits all around the body including the brain and
liver. For example, administration of quercetin upregulated the NRF2-KEAP1
antioxidant response pathway (Arredondo et al., 2010) and increased expression of
antioxidant enzymes superoxide dismutase (SOD), catalase and glutathione peroxidase

(Molina et al., 2003).

The effects of polyphenols on gut-related pathologies have also been investigated
through numerous clinical trials. Daily consumption of epigallocatechin gallate (EGCG)
and apigenin decreased the incidence of neoplasia recurrence in patients with resected
colorectal cancer (Hoensch et al., 2008) and green tea extract (GTE) consumption
decreased metachronous adenoma occurrence by 50% in high-risk patients (Shimizu et
al., 2008). The beneficial effects of polyphenols on ulcerative colitis have been
demonstrated in DSS-induced colitis models; apigenin decreased macroscopic and
microscopic signs of colitis and reduced pro-inflammatory IL-1B8 and TNF-a production

(Marquez-Flores et al., 2016).

Their ability to improve intestinal pathologies has been attributed to their prebiotic
properties; Painong-San (PNS) extract suppressed the overgrowth of pathogenic
bacteria including Oscillospiraceae and Helicobacter while increasing Lactobacillus,
Bifidobacterium, and Akkermansia in an ulcerative colitis mouse model (Wang et al.,
2022). These changes subsequently improved intestinal function by enhancing damage
repair and reducing colonic inflammation. Another study showed polyphenols
decreased the abundance of Bacteroidaceae, Deferribacteraceae, and
Enterobacteriaceae and downregulated the expression of pro-inflammatory cytokines

like IL-6 and TNF-a, reducing colon shortening and histological injury (Ren et al., 2021).
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1.9.2.Polyphenol influence on intestinal barrier integrity and repair

Experimentally, polyphenols have boosted intestinal repair mechanisms and
contributed to normal barrier function. Colitis models have been employed to assess
the capabilities of polyphenols to reverse intestinal epithelial damage, improving
barrier integrity. In colitis models, resveratrol, curcumin, and simvastatin reduced pro-
inflammatory cytokine expression (IFN-y, TNF-q, and IL-6), preventing inflammation and
inhibiting bacterial translocation (Bereswill et al., 2010). Another study found that
polyphenol-rich grape pomace extract (GPE) prevented DSS-induced colon shortening
and colitis in rats and reduced the extent of ulceration, destruction of epithelial cells,
and oedema (Boussena et al., 2016a). Epithelial architecture, particularly crypt
structure, was also improved, demonstrating the ability of polyphenols to improve
colonic barrier integrity. Additionally, colon shortening and colitis symptoms including
weight loss and decreased appetite were prevented by GPE supplementation
(Boussena et al.,2016b). Polyphenols administered to IL-10 deficientileitis models
reduced inflammation by restoring the normal ratio of villi/crypt length (Yang et al.,
2014). However, success varied between different polyphenols (Boussena et al.,

2016a), suggesting their capabilities are not uniform.

1.9.3.Extra Virgin Olive Oil

Extra virgin olive oil (EVOO) is rich in a variety of polyphenolic compounds (Figure 1.7.)
and exhibits the same anti-inflammatory and prebiotic capabilities as polyphenols.
This has been demonstrated in DSS-colitis mouse models where EVOO administration
reversed the loss of mucosal crypts and reduced ulceration (Sdnchez-Fidalgo et al.,
2011). EVOO also promoted reepithelialisation corresponding to improved disease
index, reduced mortality by 50%, and reduced TNF-a and IL-10 expression. However, a
later study did not find a significant reduction in these pro-inflammatory cytokines but
showed EVOO prevented inflammation by downregulating COX-2 and STAT3 expression
(Takashima et al., 2014). EVOO also decreased neutrophil infiltration, dystrophic
goblet cell numbers, and presence of crypt abscesses associated in mucosal damage

(Cariello et al., 2020).
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Figure 1.7. Common polyphenolic extracts from extra virgin olive oil (EVOO).

EVOO has exhibited its prebiotic abilities and its potential to resolve pathology-related
dysbiosis. For example, in combination with thyme phenolic compounds, EVOO
increased numbers of Bifidobacteria groups in hypercholesterolemic patients (Martin-
Pelaez et al., 2017). EVOO also increased a- and B-diversity in high fat diet (HFD)-mice,
preventing metabolic syndrome (MS) and upregulated antimicrobial Reg3y in the ileum
which prevented bacterial translocation (Millman et al., 2020; Zhao et al., 2019).
Similarly, olive leaf extract (OLE) reversed dysbiosis in HFD-mice by decreasing the F:B
ratio and increasing the abundance of beneficial Cytophaga (Bacteroidetes) and
Akkermansia (Verrumicrobia) (Vezza et al., 2019). HIV-associated dysbiosis has also
been improved by EVOO intake; beneficial genera were increased in both males
(Prevotella, Bacteroidetes, and Bifidobacterium) and females (Ruminococcus,

Lachnospiraceae, and Akkermansia) (Olalla et al., 2019).
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The success of polyphenol-rich compounds like EVOO to improve microbial
composition and resolve intestinal atrophy may make them useful additions to DLS.
Currently, no previous studies have included polyphenols in DLS, potentially due to

their limitations, discussed below.

1.9.4.Polyphenol metabolism and bioavailability

Polyphenol metabolism and bioavailability is unique to each compound and is highly
variable. Generally, their bioavailability is low, partly due to low water solubility and
instability in low pH environments, leaving a large proportion of ingested polyphenols
unabsorbed. Bioavailability differs between monomeric and multimeric polyphenols
(Monagas et al., 2010); monomeric polyphenols such as phenolic acids and flavonoids
are much more bioaccessible and undergo covalent modifications in the small and
large intestine. This is known as Phase | metabolism and includes acylation,
esterification, and glycosylation (Marin et al., 2015) which make polyphenols more
bioactive and readily absorbed by enterocytes. Once absorbed, Phase Il metabolism
including methylation, sulphation, and glucuronidation takes place before polyphenols
are released into the bloodstream through the basolateral membrane. Once systemic,
polyphenols are transported to the liver (Nielsen et al., 1998) where further Phase Il

metabolism occurs (Donovan et al., 2011) (Figure 1.8.).

Human intestinal enzymes are unable to metabolise polyphenols themselves, so their
metabolism is performed by enzymes produced by the enteric microbiota. However,
many bacterial species responsible for polyphenol metabolism are solely located in the
colon so only approximately 10% of polyphenols are reported to be absorbed in the
smallintestine (Clifford, 2004). For example, no small intestinal bacteria produce a-
rhamnosidase, capable of hydrolysing the a rhamnose moiety linked to flavonoids but
colonic bacteria such as Bifidobacterium dentinum produce this enzyme, permitting
flavonoid metabolism and absorption in the large intestine (Bang et al., 2015). The
hydrolysis of rutin to quercetin is also only achieved by resident colonic bacteria,
including several Bacteroides spp., capable of producing B-glucosidase (Bokkenheuser

et al., 1987). Known beneficial bacteria Bifidobacterium and Lactobacillus are also
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responsible for polyphenol metabolism (Zhu et al., 2018; Gaur et al., 2020; Szwajgier

and Jakubczyk, 2010) and absorption is suggested to differ between individuals due to

differences in microbial compositions (Feliciano et al., 2017).

Even after metabolism and absorption, not all polyphenols become systemic, as some

are secreted out of enterocytes and back out into the lumen (Villa-Rodriguez et al.,

2019). Other polyphenols are unable to be absorbed entirely including

proanthocyanidins and certain flavanols which have too large of a molecular weight to

be absorbed by enterocytes. Additionally, intestinal bacteria do not produce enzymes

capable of breaking down certain polyphenols, so they completely transit the Gl tract

without being absorbed (Pasinetti et al., 2018).
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Figure 1.8. Process of polyphenol absorption, metabolism, transport, and finally removal
following oral intake. Notably, Phase | and Il metabolism occur in the small intestine,

colon, and liver (Plamada and Vodnar, 2021).
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Polyphenol bioavailability is still not well elucidated and extremely variable. Using
detection in urine as an indicator of polyphenol uptake, this variability has been
demonstrated. Red wine anthocyanins were detected in the urine between the range of
1.5-5.1% of the total anthocyanins ingested (Lapidot et al., 1998) whereas soybean
isoflavones, daidzein and genistein were detected at 21% and 9% respectively (Xu et
al., 1994). Bioavailability is also dependent on the source of polyphenols; quercetin
from onion was detected at 1.39% of the original dose whereas quercetin from apples

was only detected at 0.44% (Hollman et al., 1997).

in vitro studies have also aimed to characterise this variation in polyphenol
bioavailability and have elucidated potential membrane transporters responsible for
absorption and efflux. Caco-2 monolayers, immortalised human colorectal
adenocarcinoma cell lines were set up in transwells with an apical (above) and
basolateral (below) chamber either side of the monolayer. Polyphenols were added to
the apical chamber to measure intracellular, apical and basolateral polyphenol
concentrations following incubation. Although studies are limited, some polyphenols,
like genistein and daidzein showed similar intracellular and basolateral concentrations
(Murota et al., 2001) while other studies reported differences in absorption between

polyphenols (Teng et al., 2012).

Influx and efflux across the epithelial apical membrane has also been elucidated
(Figure 1.9.). Monocarboxylate transporter (MCT) inhibition with phloretin and benzoic
acid and organic anion transporting polypeptide (OATP) inhibition using estrone-3-
sulphate reduced epicatechin-3-gallate (ECG) uptake, suggesting these transporters
are involved in polyphenol absorption (Vaidyanathan and Walle, 2003; Nguyen et al.,
2019). Polyphenol efflux back through the apical membrane has been attributed to p-
glycoprotein and multi-drug resistant protein (MRP) transporter using verapamil and
cyclosporine, respectively (Teng et al., 2007), the latter also used to show ATP-binding

cassette (ABC) transporters may also allow polyphenol efflux (Nguyen et al., 2019).
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Figure 1.9. Proposed mechanism of ECG influx and efflux through the apical
membrane. Apical membrane channels allow intake from the lumen and ABC
transporters (and p-glycoprotein and multi-drug resistant protein transporters- not
shown) allow efflux back into the lumen. ECG, epicatechin-3-gallate, MCT,
monocarboxylate transporter, OATP, organic anion transporting polypeptide, ABC,
ATP-binding cassette (Nguyen et al., 2019).

1.10. Solid lipid nanoparticles

Drug delivery systems have risen in popularity over recent years for their ability to
ensure sufficient drug delivery and prolonged release. One type of delivery system are
solid lipid nanoparticles (SLNs). With a diameter of approximately 10-1000nm, SLNs
are made up of a solid lipid core, commonly composed of triglycerides,
monoglycerides, and fatty acids surrounded by an external surfactant layer. This
surfactant layer provides stability, allowing controlled, prolonged drug release (Weiss

et al., 2008). Their ability to improve drug bioavailability has been demonstrated; for
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example, SLN-tagged lumefantrine had a greater in situ intestinal permeability and

bioavailability (Garg et al., 2017).

Several studies have also utilised SLNs to improve the poor bioavailability of
polyphenols, increasing their absorption. Flavonoid bioaccessibility was increased
from below 15% to over 71% when tagged with lipid nanoparticles and further
investigation demonstrated a greater than twelve-fold increase in curcumin
bioavailability using SLNs (Ban et al., 2020; Ji et al., 2016), proving nanoparticle delivery
systems as effective vectors for enhancing polyphenol bioavailability. in vitro studies
have proven that SLNs are protected from degradation in the mouth and stomach and
allow for prolonged release in the lower Gl tract. Resveratrol-loaded SLNs incubated in
simulated gastric fluid for three hours only released resveratrol once transferred to
simulated intestinal fluid (Neves et al., 2013). This was confirmed using flavonoid-
loaded oil-based lipid nanoparticles which only released flavonoids in the in vitro

intestine environment (Ban et al., 2015).

1.10.1. Potential incorporation of SLN-tagged polyphenols in DLS

Polyphenols have demonstrated their anti-inflammatory and prebiotic properties and
their ability to improve and restore gut barrier integrity (Bereswill et al., 2010; Yang et
al., 2014). Therefore, polyphenols may be a useful inclusion in DLS in the defunctioned
ileum of stoma patients as they may reverse dysbiosis and atrophy as well as
ameliorate any possible immune dysregulation. However, the poor bioavailability and
variable activity of polyphenols (particularly in the small intestine) hinders their
potential benefits and could limit their success if incorporated into DLS. Additionally,
the majority of polyphenols transit the small intestine without being metabolised or
absorbed, so improvements to intestinal barrier integrity may not be witnessed in the
defunctioned ileum. However, polyphenol-rich EVOO was shown to upregulate Reg3y
expression in the ileum, indicating polyphenols may be able to influence the
environment within the defunctioned ileum (Millman et al., 2020). EVOO also
contributes to wound healing (Aboui Mehrizi et al., 2016) and is anti-inflammatory

which may also help to reduce post-operative complications.
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SLNs are shown to overcome poor polyphenol bioavailability and are suggested to aid
their absorption in the smallintestine (Neves et al., 2013; Ban et al., 2015). Therefore,
tagging polyphenols or polyphenol-rich compounds like EVOO may enhance their

prebiotic capabilities in the defunctioned ileum and make them a useful inclusion in

DLS.
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1.11. Hypotheses

Nutrient deprivation in the defunctioned ileum is proposed to reduce the bacterial load
(Beamish et al., 2017) which, in turn, compromises the intestinal barrier function
leading to atrophy. Using GF murine models and nutrient deprivation models (TPN), we
propose a mechanism where a reduction in proliferative activity and antimicrobial
production from IECs, Paneth cells, and goblet cells will increase mucosal permeability
and elevate the risk of bacterial translocation. The long-term immunological impact of
stoma formation in the defunctioned ileum is largely unknown, but potential pathogenic
invasion may trigger pro-inflammatory immune responses leading to an upregulation of
innate immune cells like dendritic cells responsible for activating pro-inflammatory
adaptive immunity. Specific CD103*/. DC subsets regulate pro-inflammatory T cells like
Th1 and Th17 so these DC populations may be expected to increase. Additionally,
prebiotic DLS is hypothesised to reverse dysbiosis in the defunctioned ileum, restoring
the homeostatic gut barrier environment. Restoration of intestinal barrier function and
integrity is predicted to increase proliferative activity in the defunctioned ileum,

characterised by the reversal of villus atrophy.

The poor bioavailability of dietary polyphenols in the small intestine diminishes their
potentially beneficial effects and excludes them from DLS. Administration of SLN-
tagged EVOO extracts in a murine model is hypothesised to increase polyphenol
absorption in the small intestine. This would be characterised by a greater
concentration of polyphenols in the liver, indicating a greater total absorption. SLN

tagging is also hypothesised to increase polyphenol absorption in the small intestine.
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1.12. Research aims

Due to the absence of literature characterising the immunological impacts of loop
ileostomy (particularly on innate immune cells), this project aims to use flow cytometry
to compare innate (DC, CD103* DC) and adaptive (T cell) immune populations between
the functional and defunctioned ileum. The physiological impacts of DLS have scarcely
been reported in the small number of available studies. H&E staining will characterise
possible morphological changes between the defunctioned ileum of patients who had
and had not received DLS prior to reanastomosis. Changes will be characterised by

differences in villus height and crypt depth between cohorts.

The efficacy of SLNs to improve EVOO-extracted polyphenol bioavailability will be
assessed in a murine model. After seven days of oral gavage containing either SLN-
tagged or untagged polyphenols, high performance liquid chromatography (HPLC)
analysis on the small intestine, colon, and liver will aim to determine whether SLNs
increase polyphenol absorption, particularly in the small intestine. Fluorescence
imaging will also be performed to confirm the presence of SLNs in these organs and
H&E staining on colonic mucosal tissue will assess the impact of treatments on

mucosal physiology.
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2. Methods

2.1. Model maintenance

2.1.1. Cell line maintenance

Caco-2 cell line (European Collection of Authenticated Cell Cultures [ECACC catalogue
no. 09042001]) was maintained in T75 cell culture flasks [Thermo Fisher Scientific]
containing minimal essential media (MEM [Gibco®]) supplemented with 10% foetal
bovine serum (FBS [Gibco®]) and 1% non-essential amino acids (NE-AA [Gibco®]). Cells
were incubated at 37°C, 5% humidity and 5% CO. levels and all actions were performed
under sterile conditions. To avoid 100% confluence, the flask was passaged every
three to four days by removing the existing media, washing with 1X PBS, and adding
approximately 0.5ml of 0.25% trypsin [Gibco®]. The flask was then incubated at 37°C
for three to five minutes, or until all cells had detached from the bottom of the flask.
After trypsinisation, the cells were resuspended in fresh, warmed media and cell
counts were taken using a haemocytometer. The suspension was split between the
existing flask and another flask and diluted by a ratio of 1:10 and the passage number

and date were noted. The flasks were put back in the incubator until the next passage.

2.1.2. Murine model maintenance

2.1.2.1. Ethics statement

This mouse study (project license number 415-78153) was approved by Lancaster
University Animal Welfare and Ethics Review Boards (AWERB) and conducted in
accordance with Lancaster University Physiological Services Unit regulation for animal
husbandry, ethical guidelines, and under Home Office licensing in accordance with the

Animals in Scientific Procedures Act (1986).
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2.1.2.2. Husbandry

C57/B6 wild-type mice were housed in groups of three to five per individual ventilated
cage (IVC [Techniplast]), split based on sex 4 weeks after birth. Mice were keptin
specific pathogen-free conditions, under a twelve-hour light/dark cycle, with ad-libitum
access to food (chow) and water. Studies were carried out on adult mice age 8-12

weeks.

2.2. Obtaining human intestinal tissue

2.2.1. Declaration and informed patient consent

To investigate physiological changes and possible immune dysregulation in the
defunctioned ileum, resected tissue from the functional and defunctioned ileum were
obtained during reanastomosis. A separate cohort of participants received distal limb
stimulation (DLS) prior to reanastomosis and, again, tissue samples were taken during
reversal surgery to assess physiology. These studies were approved by the North West
Research Ethics Committee (13/NW/0695) and (22/WM/0222) respectively, conducted
in accordance with the Health Research Authority guidelines. Cohorts consisted of
eligible and consenting patients undergoing loop ileostomy reversal surgery at
Lancashire Teaching Hospitals (LTH) NHS Trust (Lancashire, UK). Participants could be
male or female, 18 years or above but patients who had ongoing bowel pathologies,
such as IBD, or had received antibiotic treatment within the last three months were
excluded from the study. For patient anonymity, tissue samples were assighed a

unique identifier: for the unfed cohort, BCRGXXX and for the DLS cohort, SFSXXX.

For the DLS cohort, participating patients were informed during a pre-feeding visit or the
first visit for DLS and participant information sheets were available for patients to take
home and consider. Patients were well-informed that the DLS suspension contained
fibre that may increase the number of beneficial enteric bacteria and help to reduce
post-operative side effects. Patients were also aware that biopsies of proximal

(functional) and distal (defunctioned) bowel tissue would be taken to the laboratories at
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Lancaster University to investigate the physiological impact of DLS. At the next visit,

consent was obtained from participants.

2.2.2. Distal limb stimulation protocol

Approximately four weeks prior to reanastomosis, a feeding tube was inserted into the
defunctioned ileum by hospital staff. Following a few days of successful administration
of saline, the DLS suspension consisting of 100ml of the nutritional suspension,
Ensure®, supplemented with 10g of soluble fibre rich in chicory sourced inulin
(Orafti®Synergy-1) was injected daily into the defunctioned ileum. A ‘feeding diary’ was
provided to record participant compliance with the stoma feeding, for instance whether
DLS was carried out every day as advised, or whether some days were missed or
partially completed. During reanastomosis, functional and defunctioned ileal tissues
were obtained and transported from LTH NHS Trust to Lancaster University in MEM, on

ice, before processing.

2.2.3. Tissue fixation and embedding

In a sterile tissue culture hood, the functional and defunctioned samples were removed
from MEM and fixed in 4% paraformaldehyde for twenty-four hours. Samples were then
rinsed with 1X PBS and submerged and stored in 70% ethanol. Samples were removed
from 70% ethanol and transferred into labelled cassettes and loaded into the Excelsior
AS Tissue Processor [Thermo Fisher Scientific], following the programmed protocol

below (Table 2.1.). All waste was disposed of through the clinical waste route.
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Table 2.1. Tissue processing protocol for human and mouse tissue in the Excelsior AS
Tissue Processor [Thermo Fisher Scientific].

Time- Human Time- Mouse Temperature
Process Reagent
(min) (min) (°C)
75% ethanol 30 10 25
90% ethanol 60 30 25
95% ethanol 60 30 25
Dehydration 100% ethanol 30 10 25
100% ethanol 60 30 25
100% ethanol 60 30 25
100% xylene 30 10 25
Ethanol 100% xylene 60 30 25
extraction 100% xylene 60 30 25
Paraffin wax 60 30 64
Wax infiltration Paraffin wax 60 30 64
Paraffin wax 60 30 64

After completion of the protocol, the cassettes were removed from the tissue processor

and transferred to the embedding station wax chamber (HistoCore Arcadia H [Leica]).

Each sample was removed from its cassette and placed into a metal wax mould on the

machine’s hot plate. The tissue was orientated with forceps so that cross sections of

the mucosal physiology could be obtained. Once correctly positioned, molten paraffin

wax was added to the mould and the labelled cassette lid was placed on top and

covered in wax. The mould was then moved onto the cold plate for a minimum of ten

minutes, and this process was repeated for all samples. The wax block containing the

tissue was removed from the metal mould and wax was filed away into a square of
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approximately 2cm x 2cm around the embedded sample. Blocks were stored at room

temperature until histochemistry was performed.

2.3. Histochemistry

2.3.1. H&E staining

Following tissue processing, embedded ileal samples were sectioned using the
microtome (RM2125 RTS [Leica]). The wax blocks were mounted and secured onto the
microtome and sections of 7um thickness were cut and carefully transferred onto the
surface of a 45°C water bath. The sections were then transferred to labelled APES-
coated microscope slides (Appendix- 5.1.) and left to dry in the fume hood prior to
staining. Once completely dried, the slides were immersed in two, five-minute rounds
of xylene to remove the wax within the tissue. The slides were then sequentially
rehydrated in two, one-minute rounds of 100% ethanol, one minute in 90% ethanol and
a further minute in 70% ethanol. The slides were then rinsed under running tap water to
remove the ethanol and immersed in distilled water. The slides were then submerged
in filtered haematoxylin [Sigma-Aldrich®] for five minutes before being washed under
warm running water for ten to twenty minutes. Once rinsed, slides were dipped up and
down in eosin [Sigma-Aldrich®] and immersed for one to two minutes. Slides were then
rinsed again with tap water and dehydrated in five minutes of 70%, 90% and two rounds
of 100% ethanol. Following dehydration, slides were transferred to xylene for two, five-
minute rounds. Once removed, a drop of DPX mountant [Thermo Fisher Scientific] was
added to the sections and a coverslip placed on top, ready for microscopic

examination.

2.4 Microscopy

Microscopy was used to measure mucosal structures and compare them between the
functional and defunctioned ileum of patients of the two cohorts. Slides were viewed
under 100X magnification (10X objective lens) to examine intestinal villi and crypts.

Images were taken using the Moticam X3 camera [Motic®] attached to the microscope
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and transferred to Imagel for measuring. The measuring tool was calibrated using the
scale bar from each image and the length of ten villi and the depth of ten crypts were
measured. Seenin Figure 2.1., villiwere measured from base to tip and crypts were
measured from crypt base to villus base. When structures had curvature, such as the
measured cryptin Figure 2.1., this was accounted for in the measurement. The average
villus height and crypt depth was then calculated between the functional and

defunctioned ileum between the two cohorts.

Results x‘

File Edit Font Results

Figure 2.1. Example of villus and crypt measurements acquired in Imagel. The depth of
crypts and height of villi were calculated with the measure tool and repeated for ten crypts
and villi. Objective lens 10X magnification. Example from Patient SFS002.

Mean measurements were used to perform a one-tailed independent sample t-test
(Equation 2.1.) to determine whether villus height or crypt depth significantly differed

between the intestinal environments and whether DLS impacted these changes.
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Equation 2.1. One-tailed independent sample t-test.

2.5. Flow cytometry

2.5.1. Sample preparation

Prior to tissue fixation (2.2.3.), sections of functional and defunctioned ileal biopsies
from the unfed cohort were processed for flow cytometry to investigate the
immunological effects of stoma formation. The entire procedure was performed in the
tissue culture hood and waste was disposed of through the clinical waste route.
Adapting the protocol from Weigmann et al., 2007, approximately 250mg of functional
and defunctioned sections were first washed in Hanks’ Balanced salt solution (HBSS
[Thermo Fisher Scientific]) and cut into 5mm sections. The epithelium was then
stripped from the intestine by incubating the gut in falcon tubes containing 1mM
dithiothreitol (DTT) and 1mM EDTA in HBSS, in a shaker for twenty minutes at 37 °C. The
supernatant was discarded, and the gut tissue was transferred into fresh falcon tubes
containing 10ml of gut digest media (50ml HBSS, 10% FBS, 0.5mg/ml Dispase [Gibco®],
and 0.5mg/ml Collagenase [Gibco®]) and incubated in the shaking incubator for sixty

minutes at 37°C.

Digestion medium was then passed through 100pum cell strainers to collect cell
suspensions. The filtrate was collected and centrifuged at 400g for five minutes. The

supernatant was removed from each tube, and the pellet was resuspended in 8ml of
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3% Percoll [Merck] before another centrifugation at 600g for twenty minutes. The
supernatant containing mucus and other debris was removed and the pellet containing
mononuclear cells was resuspended and washed with 4ml 1X PBS. Cell counts were
performed using a haemocytometer to determine the volume of suspension required

for 1-2 x10°cells per fluorescent activated cell sorting (FACS) tube.

Suspensions were centrifuged for five minutes at 350g, after which, the supernatant
was removed, and the pellet resuspended in FACS staining buffer (PBS with 0.1% NaN3
and 5% FBS) and maintained onice. Cell suspensions were loaded into the 96-well
plate at a concentration of 1x105/ml, 200ul/tube/well. To each well, 2ul Fc block
[BioLegend] was added, and the plate was left to incubate on ice for thirty minutes. Ata
concentration of 3pl of 0.2mg/ml 1.2pul of 0.5pg/ml, cell surface antibodies (Appendix-
5.2.1.) were added and the plate was gently vortexed and incubated in the dark on ice
for fifteen minutes. The plate was then centrifuged for five minutes at 350g and the
supernatant was removed. Cells were then fixed with 0.5ml of 0.1% paraformaldehyde.
The plate was refrigerated at 2-8°C in the dark and acquired within eighteen hours of

fixation.

2.5.2. Flow cytometry acquisition

Data was obtained for each sample as well as controls for each filter and analysed in
the software, Flowjo (v.10.10.0). For each patient, the samples and compensation
controls were added to the software and a compensation matrix was constructed to
correct fluorescence spillover. Each sample was plotted forward scatter area (FSC-A)
vs side scatter area (SSC-A), presenting the cells based on their size against granularity.
Viable cells were gated, avoiding dead cells or debris and events of extreme size and
granularity. Side scatter height (SSC-H) was then plotted against SSC-A and doublets
were excluded by gating around the true cell population. Filter panels were then
plotted against each other based on individual patient filter panels (Appendix- 5.2.2.) to
identify specific cell populations. Different cell populations could be identified and
gated, providing the number of cells and proportion of cells compared to total cell

number in the sample.

61



2.6. in vivo polyphenol feeding
2.6.1. Preparation of treatments

2.6.1.1. Polyphenol extraction from EVOO

Polyphenols were extracted from commercially available extra virgin olive oil (EVOO)
[Yannis Fresh Greek Early Harvest Extra Virgin Olive Qil]; 10g of EVOO was dissolved in
50ml hexane to separate its non-polar components and sonicated at 20um for five
minutes to enhance dissolution. Liquid-liquid extraction was performed by loading the
solution into a separatory funnel, shaking for two minutes, and polar polyphenol
compounds were extracted with a mixture of methanol and water (60/40, v/v). After two
further repeats, the methanolic phases containing the polyphenol extracts were
collected and washed twice with hexane before refrigeration for twenty-four hours at
4°C. Methanol was removed at 40°C under reduced pressure, prior to a twenty-four
hour freeze-dry cycle at -70°C and 0.0026 mbar pressure. The solid polyphenol product
was weighed and resuspended in a 50/50 (v/v) methanol/water mixture to a final

concentration of 10mg/ml.

2.6.1.2. SLN synthesis for polyphenol tagging

The solvent diffusion-solvent evaporation method was used to produce polyphenol-
encapsulated solid lipid nanoparticles for the ‘Tagged Polyphenol’ treatment (Table
2.2). At 5°C above the solid lipid melting point (approximately 69°C), 500mg of stearic
acid (forming the lipid core) was melted and 3.3mM of EVOO-extracted polyphenols
and the fluorescent BODIPY dye dissolved in Tml of methanol were mixed into the
molten lipid. Atthe same temperature of the stabilising agent, the resulting organic
solution was immediately injected to an aqueous poloxamer 188 non-ionic surfactant
solution (1% w/v in Milli-Q water). The aqueous phase was heated and stirred at
700rpm and sonicated for five minutes producing a milky appearance, indicating
formation of SLNs due to solvent diffusion and lipid precipitation. The resulting SLN
dispersion was continuously stirred at 700rpm for thirty minutes on a magnetic stirrer to

evaporate the solvent before storing the sample at 4°C for one hour to allow the
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recrystallization and solidification of the lipid core. The dispersion was then
centrifuged at 15000rpm for forty minutes at 4°C to separate the SLNs from the
dissolved, unencapsulated polyphenols. The SLNs were washed three times by
resuspending the nanoparticle residue in distilled water and centrifuging to ensure
there were no free polyphenols presentin the voids between the SLNs. SLNs used in
‘Tagged Control’ (suspension of SLNs lacking polyphenols) were prepared following the
same protocol, but without the inclusion of polyphenols prior to dispersion into the

aqueous phase.

2.6.2. Experimental procedure

Prior to the experiment, mice were housed under the conditions stated in 2.1.2.2. and
conditions were kept constant throughout the experiment. The experiment consisted of
four treatment groups. Mice at ten to twelve weeks of age were administered 200mg of
treatment in 100ul suspension, daily for seven days via oral gavage, the time of feeding
kept consistent throughout the study. The treatment groups (Table 2.2.), were ‘Tagged
Polyphenol’ (TP) containing SLN-tagged polyphenols, ‘Untagged Polyphenol’ (UP)
containing polyphenols without SLNs, ‘Tagged Control’ (TC) containing SLNs without
polyphenols, and, finally, ‘Untagged Control’ (UC) which contained neither polyphenols
or SLNs (just 1X PBS).

Table 2.2. Contents of each treatment delivered via oral gavage following the protocol
in2.6.2..

Treatment group Abbreviation Polyphenols SLNs
Untagged Control uc X X
Tagged Control TC X v
Tagged Polyphenol TP v v
Untagged Polyphenol upP v X
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Chow mass per cage was recorded daily to identify potential changes to food
consumption while body weight and physical changes were monitored to identify
negative side effects associated with treatments. Stool was also examined to ensure it
resembled pellets, as looser stool indicated an inflamed or irritated intestine. On the
final day of the experiment, liver, small intestine, and colon biopsies were weighed and
harvested for fluorescence imaging and HPLC analysis. Colon tissue was also
processed following the mouse protocol in Table 2.1. and crypt depth was measured

following 2.3. and 2.4. to examine physiological changes caused by treatments.

2.7. Fluorescence imaging

Before tissue samples were fixed or frozen, the liver and lower Gl tract was imaged to
detect fluorescently tagged SLNs. The lumen of the small intestine, caecum, and colon
were flushed with 1X PBS to remove the faecal stream and imaged using the iBright
1500 Imaging System [Invitrogen]. SLNs were tagged with the BODIPY fluorophore
(excitation/emission approximately 508nm/514nm (lkawa et al., 2008)) and organs
were imaged under the FITC (fluoroscein isothiocyanate) filter (495nm/520nm) as this

was the closest match to BODIPY’s excitation/emission.

To quantify fluorescence, images were taken and transferred to Imagel to calculate the
correlated total cell fluorescence (CTCF, units = relative fluorescence units (RFU)) for
the liver, duodenum, jejunum, ileum, caecum, and colon. Outlines were placed around
the liver and each region of the Gl tract, and the area, mean intensity, and integrated
density were measured within the defined area. Another outline was drawn around an
area with no fluorescence (the black background) and the same parameters were
measured. For each region of the Gl tract, CTCF was calculated using Equation 2.2.

and average CTCF measurements were compared between treatment groups.
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Equation 2.2. Correlated total cell fluorescence (CTCF).

2.8. High performance liquid chromatography
2.8.1. HPLC tissue preparation

To compare polyphenol absorption with and without SLN tagging, HPLC was performed
on the harvested small intestine, colon, and liver. At the end of the in vivo experiment,
small and large intestinal biopsies were flushed with 1X PBS to remove the faecal
stream, and tissues were transferred to labelled eppendorfs, frozen in liquid nitrogen,
and stored at -80°C. Throughout HPLC preparation, samples were kept on ice to ensure
tissues did not overheat. Adapted from Lesniak et al., 2013, between 50-150mg of
tissue were taken for each organ and added to tubes containing 1.4mm zirconium oxide
homogenisation bead [Precellys®] and 1ml pure water (Milli-Q). Tubes were added to
the RiboLyser [Hybaid] for five, twenty second rounds until tissues were homogenised.
Between rounds, the tubes were placed back on ice for sixty seconds to prevent
overheating. Tubes were then centrifuged at 15000rpm for ten minutes at 4°C and the
supernatants were pipetted into tubes containing 3ml chloroform [Sigma-Aldrich®].

The chloroform tubes containing the homogenised tissue were briefly vortexed and
centrifuged at 4000rpm for ten minutes at 4°C. A liquid disc was formed and the

supernatant above the liquid disc was carefully transferred into new tubes containing
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3ml acetonitrile [Sigma-Aldrich®], vortexed and centrifuged at 4000rpm for ten minutes
at 4°C again. The aqueous supernatant was aliquoted into three 1Tml lo-bind tubes
(labelled A, B, and C) before being frozen in liquid nitrogen. The frozen samples were
then freeze-dried for twenty-four hours at -80°C and 0.0026 mbar pressure, then stored

at-80°C.

2.8.2. HPLC analysis

The HPLC protocol was produced and undertaken by Bakri Alaziqi in the Middleton
laboratory at Lancaster University (Alaziqi et al., 2024). The NexeraX2 HPLC [Shimadzu]
system was used at 40°C to separate polyphenols present in the samples. The mobile
phase consisted of Solvent A (0.1% formic acid in ultrapure water) mixed with Solvent B
(varying amounts of acetonitrile) while a Shim-pack XR-ODS 2.2um (3.0 x 50mm)
column represented the solid phase. At a flow rate of TmU/min, from 1mg/ml of
polyphenols, 10l of stock solution was loaded and ran. The reverse-phase elution was
as follows in Table 2.3. and the spectroscopic absorbance for each chromatographic
peak was measured with a diode array detector at 240nm, 275m, and 340nm. Peaks
corresponding to extracts of interest were identified by comparison to control samples

and their known retention times (RT).

Table 2.3. Reverse-phase elution for HPLC analysis of polyphenols in mouse tissue.
Solvent B = acetonitrile.

Solvent B concentration (%) Duration at concentration (min)
5 0-3
40 3-26
50 26-27
5 27-32
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2.9. in vitro polyphenol translocation
2.9.1. Experimental set up

2.9.1.1. Transwell set up and monolayer establishment

Caco-2 cells were maintained as described in 2.1.1. and all preparation and running of
experiments were performed under sterile conditions to prevent contamination. Cells
were trypsinised, resuspended in fresh media and the concentration in the suspension
was calculated using a haemocytometer. The suspension was then diluted with fresh
media to 5x10° cells/ml. Transwells were added to the wells of a 24-well plate [Corning
Costar] and 1ml of cell suspension was pipetted into the well and 1ml of fresh media
was added below the well (Figure 2.2.). The well-plate was covered and incubated at
37°C for seven days to allow the cells to become confluent and differentiate, forming a
monolayer on top of the filter. For a further two weeks, the media either side of the filter

were replaced with fresh media every two to three days.

Transwell insert

Caco-2 Ap|ca|
monolayer chamber
a © o ° o o
Permeable ); Py G Basolateral
—
membrane chamber

Figure 2.2. Transwell set up for in vitro polyphenol translocation experiment. A Caco-2
monolayer adheres to the filter within the transwell and media is added above (apical
chamber) and below (basolateral chamber) the monolayer (Ding et al., 2021).
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2.9.1.2. Polyphenol preparation

Polyphenols utilised in this in vitro experiment were ferulic acid (purity 99% [Sigma-
Aldrich®]) and apigenin (purity 97% [Alfa Aesar]) stored at 4°C in 50/50 (v/v)
water/methanol at concentrations 0.5mM and 1TmM respectively. Polyphenols were
diluted to a concentration of 10pmol/lin fresh cell culture media and incubated at 37°C
prior to the experiment. Fresh cell media, with no added polyphenols represented the

controls.

2.9.2. Experimental procedure

Under sterile conditions, the apical (inside the transwell) and basolateral (underneath
the transwell) chambers were removed, with 1ml of fresh, warmed media pipetted
underneath the filter and 1ml of either ferulic acid or apigenin-containing media
pipetted into the transwell. The well-plate was covered and incubated at 37°C (5% CO.,
5% humidity) for two hours. Following incubation, the apical and basolateral contents
were removed, aliquoted into labelled eppendorfs and frozen at -80°C for HPLC
analysis (2.8.). Each experiment consisted of two biological repeats and was repeated

a further two times.
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3. Results
3.1. Stoma participant demographics

To examine the physiological and immunological state of the defunctioned ileum
following stoma formation, participants (Table 3.1.) were recruited from Lancashire
Teaching Hospitals NHS. A separate cohort of participants, indicated by the code
‘SFS’, were administered DLS in an attempt to improve physiology in the defunctioned
ileum. This investigation was deemed a pilot study as a small cohort was recruited to
demonstrate that DLS is feasible in stoma patients and if physiology is improved
(particularly villus atrophy), the study could be upscaled to assess other physiological
aspects and whether the reduced bacterial load experienced in the defunctioned ileum

can be restored in future patients.

Table 3.1. Stoma study participant demographics. Details regarding sex, age, and
duration with stoma of patients in the cohort that received DLS and the cohort that did not
(unfed). * = % of participants that are female (F). Average age and duration with stoma
given with + standard deviation in parentheses.

BCRG003 M 65 259
BCRG004 F 31 253
BCRG006 M 69 602
BCRG007 F 50 483
BCRG008 M 76 815
BCRGO11 M 48 343
BCRGO017 F 17 245
BCRG018 M 27 210
BCRGO019 F 70 301
BCRG020 M 77 284
BCRG021 F 71 177
BCRG022 F 65 137
BCRG023 F 74 977
BCRG027 F 61 355
BCRG040 F 45 323
BCRG041 F
__—_

SFS002

SFS004 M 47 793

SFS005 2030
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3.2. Effects of loop ileostomy on immune cell populations in the
defunctioned ileum

3.2.1.Immune cell selection and gating strategy

Nutrient deprivation has previously been shown to impact intestinal immunology,
particularly the disruption of the GALT in TPN patients (Yang et al., 2008; King et al.,
1997). Although immune cell populations have not been thoroughly investigated in
stoma patients, altered microbial composition and reduced bacterial load in the
defunctioned ileum are hypothesised to allow bacterial translocation and increase
immune cell populations. Certain immune populations were compared between the
functional and defunctioned ileum to determine whether nutrient deprivation caused
immune dysregulation. DCs, and particularly the CD103* subset, were investigated as
they regulate adaptive immune responses as well as the T cell populations which

combat infection.

Immune cell populations were compared using Flowjo, following the protocolin 2.5.. A
compensation matrix was created using compensation control samples to prevent
spectral overlap and was applied to the rest of the samples. A gating strategy (Figure
3.1.) was constructed and applied to all samples. Side scatter area (SSC-A) against
forward scatter area (FSC-A) plots enabled a gate around cells to exclude dead cells
and debris, as well as cells that were too large or too granular to be mononuclear cells
(Figure 3.1.A.). Plots for FSC-height against FSC-A of the gated population removed
doublets and the population of viable, single cells could then be plotted against
different filters to identify DC and T cell populations. For example, in Figure 3.1.C., the
HLA-DR antibody (PE-Cy7-A filter) was plotted against the antibody cocktail (CD3 (T
cells), CD56 (NK cells), CD19 (B cells), CD14 (monocytes), CD20 (B cells)) (APC-Afilter)
to identify the DC population (HLA-DR?*, cocktail’). The population of interest was gated
and the proportion of cells in relation to total cells was compared between functional
and defunctioned samples. The CD103* DC subset was identified by plotting the HLA-
DR* cocktail population against the CD103 antibody. To identify T cell populations,
CD3 antibody was plotted against CD19 antibody to identify the CD3" CD14 population
(Figure 3.1.D.).
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Figure 3.1. Flow cytometry gating strategy for DC and T cell populations. Using the software
Flowjo, sample populations were plotted SSC-A vs FSC-A (a) then FSC-H vs FSC-A (b). Viable,
single cells were gated to identify DC (c), CD103* DC, and T cell (d) populations. SSC-A, side
scatter areal FSC-A, forward scatter area; FSC-H, forward scatter height.
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3.2.2.Stoma formation does not affect dendritic cell populations in the

defunctioned ileum

DCs, particularly CD103*/. subsets, are responsible for activating adaptive immune
cells like Tregs and helper T cells and were predicted to be elevated in the defunctioned
ileum. The proportion of DCs in both sections of ileum was under 10% although results
varied between patients, with some individuals experiencing an over 50% increase in
DCs in the defunctioned ileum whereas others had an equally as large decrease (n = 8).
Despite this variation between patients, the DC population in the defunctioned ileum
did not differ significantly to the functional ileal population (p > 0.05) (Figure 3.2.A.). No
significant change suggests nutrient deprivation in the defunctioned ileum did not

impact immune surveillance by DCs.

The proportion of CD103* DCs involved in Th1 and Th17 activation were also compared
to give insight into possible T cell activation; from the functional to defunctioned ileum,
the average proportion of CD103* DCs was 45.9% and 38.2% respectively (n=4) (Figure
3.2.B.). However, this change was not significant (p = 0.125) suggesting nutrient
deprivation in the defunctioned ileum did not affect the activity of this DC subset.
However, this was not consistent amongst the cohort as certain individuals
experienced large declines in CD103* DC populations, and a greater sample size is
required. Nevertheless, it does not appear that the ability of DCs to regulate tolerance

and immune responses is impacted by nutrient deprivation.
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Figure 3.2. Neither DC, nor CD103" DC, proportions were affected by nutrient deprivation in
the defunctioned ileum. There was no significant difference in proportions of DC (ai; p >
0.05; n=8)and CD103" DC (bi; p > 0.05; n = 4) did not differ between the two sections.
Percentage change in populations was also not significant (aii-DC, bii-CD103*, p > 0.05)
(error bars = +SEM).
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3.2.3.Stoma formation does not affect T cell populations in the

defunctioned ileum

T cell populations were identified as CD3* CD14 and were hypothesised to be
upregulated in the defunctioned ileum. The average proportion of CD3* T cells was
14.3% and 16.9% in the functional and defunctioned ileum respectively. However, with
an n of 3, these proportions did not differ significantly (p = 0.318) (Figure 3.3.),

suggesting total T cell activity is not impacted by nutrient deprivation.
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Figure 3.3. Nutrient deprivation did not affect CD3* T cell populations in the defunctioned
ileum. Flow cytometry was used determine whether the proportion cells that were CD3" (T
cells) differed between the functional and defunctioned ileum. There was no significant
difference between T cell proportions between the two sections of the ileum (a, p > 0.0.5) and
there was no significant percentage change (b, p > 0.05) (n = 3; error bars = +SEM).

No populations of immune cells investigated in this study experienced a significant
change between the functional and defunctioned ileum. Despite stoma formation
altering the microbiome and mucosal physiology, immune homeostasis appears to be

maintained in the defunctioned ileum.
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3.3. Characterising the physiological impacts of loop ileostomy and

distal limb stimulation in the defunctioned ileum

3.3.1. Crypt depth as an indicator of stem cell proliferation

Beamish et al., 2017 reported a reduction in villus height and a concomitant decrease
in PCNA-positive IECs, indicating a reduction in epithelial turnover in the defunctioned
ileum. Crypt depth was assessed to determine whether this was an indicator of
proliferative activity and, furthermore, whether this was impacted by DLS. H&E staining
was performed on functional and defunctioned ileal samples from cohorts who had
and had not (unfed) received DLS prior to reanastomosis. Slides were viewed under the
light microscope to identify and measure villi and crypts. Figure 3.4. shows examples of
the intestinal mucosa in the functional and defunctioned ileum from patients from each
cohort. Inthe DLS cohort, macroscopically, stomas appeared more pliable and less
shrunken compared to biopsies from patients in the unfed cohort. Microscopically,
prebiotic feeding of the defunctioned ileum did not appear to affect the general

appearance of the intestinal mucosa or crypt structure in particular.
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Figure 3.4. Epithelial physiology in the functional (top) and defunctioned (bottom) ileum of stoma
patients prior to reanastomosis. Following H&E staining, ileal samples were viewed under the light
microscope (objective lens 10X magnification) and images were captured using the Moticam X3
[Motic®]. Example images taken from Patient BCRGO013 (left) and SFS002 (right).

3.3.2. Villus atrophy in the defunctioned ileum persisted with DLS

For each patient, a minimum of ten villi were measured within sections of functional

and defunctioned regions of the ileum. Sufficient measurements were obtained for

nine patients in the unfed group and three patients in the DLS group, and the average

villus height for each patient was calculated (Figure 3.5.). As expected, a reductionin

villus height from the functional to the defunctioned ileum was confirmed in all patients

of the unfed cohort, with an average reduction of -35.8% =+ 3.8% (p<00001). In the DLS

group, villus height reduction was consistent (-37.2% * 1.2%) (p=0.00032) indicating

DLS did not increase villus height, and villus atrophy was not successfully reversed.
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Figure 3.5. DLS did not increase villus height in the defunctioned ileum of stoma patients prior
to reanastomosis. Between patients who had not received DLS (a,c,e) and those that had
(b,d,f), the average villus height (a,b), paired villus height (c,d), and percentage change in villus
height (d,f) were compared between the functional and defunctioned ileum. There was no
significant improvement in villus atrophy following DLS and the percentage reduction from the
functional to defunctioned ileum also did not differ (p > 0.05) (No DLS group, n =9; DLS group,
n = 3; error bars = +SEM, *** =p <0.01).
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3.3.3. The physiological effect of stoma formation and DLS on crypt

depth in the defunctioned ileum

As with villus height, a minimum of ten intestinal crypts were measured in the
functional and defunctioned ileum for each patient of both cohorts (unfed, n=9; DLS, n
= 3). There was no significant change in crypt depth from functional to defunctioned
ileum in the unfed group prior to reanastomosis (p = 0.262) however, in the DLS group,
the defunctioned ileum experienced a significant increase in crypt depth of 26.5% =+
14.6% (p = 0.037) (Figure 3.6.). This indicates DLS has an influence on intestinal
physiology and this increase may be the first sign of increased proliferative activity. A
longer duration of DLS is likely required for other possible mucosal changes to be

observed such as restoration of villus height.
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Figure 3.6. DLS significantly increased crypt depth in the defunctioned ileum of stoma patients
prior to reanastomosis. Between patients who had not received DLS (a,c,e) and those that had
(b,d,f), average crypt depth (a,b), paired crypt depth (c,d), and percentage change in crypt depth
(e,f) were all compared between the functional and defunctioned ileum. Despite no difference
in crypt depth in the unfed cohort, DLS significantly increased crypt depth in the defunctioned
ileum (p =0.037) (No DLS n=9; DLS n = 3; error bars = +SEM, ** = p <0.05).
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3.4. Bioavailability of polyphenols

The study wanted to investigate the efficacy of SLNs in improving polyphenol
bioavailability. Polyphenols were selected due to their prebiotic and anti-inflammatory
abilities, making them a promising inclusion for DLS. However, current evidence
suggests polyphenol bioavailability is low and variable which limits their beneficial
effects. Firstly, anin vitro experiment aimed to confirm and compare the translocation
of two polyphenols, ferulic acid and apigenin, through an intestinal epithelial

monolayer.

3.4.1.in vitro polyphenol translocation

3.4.1.1. Optimising polyphenol detection

Following the protocol from 2.9.2., the translocation of ferulic acid and apigenin
through an intestinal epithelial monolayer was assessed. A preliminary experiment was
performed to optimise the detection of apigenin and ferulic acid from samples; HPLC
was repeated three times at varying detection wavelengths: 240nm, 275nm, and
340nm. SeeninTable 3.2., 340nm yielded the greatest area under the peak and
therefore the greatest detection of apigenin whereas for ferulic acid, 240nm was the
optimal wavelength for detection. Therefore, these wavelengths were used for

polyphenol detection.
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Table 3.2. Wavelength optimisation for ferulic acid and apigenin detection via HPLC. HPLC was
performed at three wavelengths: 240nm, 275nm, and 340nm to optimise the signal detection.
The area under the chromatographic peaks were compared and the wavelength that gave the
greatest area (and therefore the greatest signal) was selected for polyphenol identification.
Apigenin produced the greatest signal at 340nm and ferulic acid at 240nm. (-) = no peak
detected.

240 325477 13755
Apigenin 18.3 275 427489 21834
340 649919 34772
240 129361 11452
Ferulic Acid 9.6 275 79545 -
340 116480 -

3.4.1.2. Polyphenol transport through an intestinal epithelial

monolayer

Peaks corresponding to ferulic acid and apigenin were identified by comparison to
HPLC chromatograms of media only (negative control) samples as well as using RTs
from previous studies that have identified these polyphenols (Alaziqi et al., 2024). From
the chomatograms in Figure 3.7., the RTs for apigenin and ferulic acid were determined
to be approximately 9.6 and 18.3 minutes respectively. Although much lower thanin
the apical chamber, peaks for both polyphenols were identified on the basolateral side
of the monolayer, indicating apigenin and ferulic acid were transported through the
epithelial monolayer and released through the basolateral membrane. The area within
the peaks for both polyphenols was greater in the apcial solution, suggesting a greater
accumulation of polyphenols on this side of the monolayer. However, without a
calibration curve, exact polyphenol concentrations cannot be calculated, soitis
unknown how much of the original added dose of polyphenols are presentin the

basolateral chamber.
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Figure 3.7. Apigenin and ferulic acid were detected in the apical and basolateral sides of
the transwell epithelial monolayer. HPLC analysis was performed on the apical and
basolateral suspensions following addition to the apical side of a Caco-2 monolayer.
Chromatograms for the apical chamber (left) and basolateral chamber (right).
Chromatographic peaks corresponding to apigenin (340nm) and ferulic acid (240nm)
(indicated by red arrows) were present in both sides of the epithelial monolayer,
confirmed by the absence of these peaks in the control suspensions.
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3.4.2.in vivo assessment of solid lipid nanoparticles on polyphenol

absorption

The influence of SLNs upon the absorption of EVOO extracts was investigated in a
murine model. Groups received one of four treatments via oral gavage: a PBS control
(Untagged Control, UC), a suspension of polyphenols (Untagged Polyphenol, UP), a
suspension of SLN-tagged polyphenols (Tagged Polyphenol, TP), or a suspension
containing only SLNs (Tagged Control, TC). The SLNs were tagged with the fluorophore,
BODIPY and the small intestine, colon, and liver were harvested and imaged to identify
SLN absorption and transport to the liver. HPLC was also performed to compare

polyphenol accumulation in these organs between treatment groups.

3.4.2.1. Experimental monitoring
3.4.2.1.1. Physical observations suggest treatments were well

tolerated

No changes in stool consistency were observed (no loose stool or diarrhoea), indicating
treatments were well tolerated in the gut. The Mouse Grimace Scale (MGS) was used to
examine any discomfort during the experiment. Developed by Langford et al., 2010,
facial expressions were coded 0, 1, or 2, ‘not present’, ‘moderate’, or ‘severe’
respectively. Features assessed included orbital tightening, nose bulge, cheek bulge,
ear position, and whisker change. No mice in any treatment group received a score

above 0 for any category, suggesting SLNs and polyphenols were well tolerated.

3.4.2.1.2. Body mass was not affected by treatments

Throughout the experiment, mice were weighed before daily gavage. As seen in Figure
3.8., the mean body mass for each group remained consistent throughout the
experiment with no changes greater than 1g occuring. As expected, performing an
ANOVA and post-hoc test determined no treatments caused significant weight changes

(p > 0.05).
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Figure 3.8. Average daily mouse mass was not affected by any treatments. Body mass of
mice was monitored throughout seven days administration of either Untagged Control
(blue), Tagged Control (orange), Tagged Polyphenols (green), or Untagged Polyphenols
(yellow). Average body mass remained consistent for all treatment groups throughout
the duration of the treatment (p > 0.05, each group, n =4).

3.4.2.1.3. Treatments did not impact food intake

Each IVC’s food was weighed each day to identify changes in apetitie. Food
consumption for each IVC remained consistent throughout the study as well as
between groups, indicating treatments had no impact on food intake (Figure 3.9.). As
expected, there was no significant difference in food consumption between groups (p >

0.05). The anomolous results for the TC group between day four and five likely occured

due to a human recording error.
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Figure 3.9. Food intake was not disrupted in any treatment groups. Daily chow consumption
per group was monitored throughout seven days administration of either Untagged Control
(blue), Tagged Control (orange), Tagged Polyphenols (green), or Untagged Polyphenols
(yellow). There were no changes in food intake for any treatment group throughout the
experiment (p > 0.05, each group, n = 4).

3.4.2.1.4. Organ mass at the end of the experiment

After completion of the study, liver, smallintestine, and colon were harvested, washed
with PBS (small and large intestine), and weighed. SLNs and polyphenols had no
significant effect on small or large intestinal mass although liver mass was effected by
polyphenol administration; an ANOVA and post-hoc test showed both TP and UP
groups had a significant increase in liver mass compared to the UC group (p = 0.003 and
=0.007 respectively) and compared to the TC group (p = 0.018 and = 0.042 respectively)
(Figure 3.10.A.). Despite this initial test implying polyphenol treatments alter liver
mass, performing an analysis of covariance (ANCOVA) with total body as the covariate,

there was no significant difference in liver mass between groups (p = 0.139).
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Figure 3.10. Comparison of average organ mass between treatment groups. Following seven
days of administration of either Untagged Control (UC), Tagged Control (TC), Tagged
Polyphenols (TP), or Untagged Polyphenols (UP), liver (a), small intestine (b), and colon (c)
were all weighed. Average small and large intestine remained consistent between all
treatment groups whereas polyphenol treated mice (TP and UP) had significantly increased
liver mass. However, an ANCOVA revealed significant differences in liver mass was due to
differences in total body mass (error bars = +SEM, each group, n = 4).
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3.4.2.2. Colonic crypt depth is not altered by polyphenol
administration

Proximal and distal colon tissue underwent histochemical analysis following the

protocolin 2.2.3., 2.3., and 2.4.. Seven days of polyphenol treatments had no

significant impact on crypt depth in either the proximal or distal colon compared to the

untagged control group (p > 0.05, Figure 3.11.).

B Proximal Colon
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Figure 3.11. Colonic crypt depth following seven days of polyphenol
administration. No polyphenol treatment resulted in a significant change in
colonic crypt depth in either the proximal or distal colon compared to the untagged
control (Proximal colon: blue; Distal colon: purple; error bars = +SEM).
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3.4.2.3. Fluorescence imaging

To confirm SLN absorption, the lower Gl tract was harvested, flushed with PBS, and
imaged using the iBright 1500 Imaging System under the FITC filter (495nm/520nm). It
was expected that mice given the BODIPY-tagged SLNs (TC and TP) would exhibit
greater fluorescence due to the presence of the fluorophore. However, fluorescence
did not appear to differ between treatments, suggesting BODIPY (and the SLNs) were

not absorbed into the tissue (Figure 3.12.).
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Figure 3.12. Fluorescence imaging of the gastrointestinal tract. After the seventh day
of administration of either Untagged Control (15 row), Tagged Control (2" row),
Tagged Polyphenols (3™ row), or Untagged Polyphenols (4" row), the gastrointestinal
tract from stomach to anus was imaged for each mouse using the iBright 1500
Imaging System under the FITC filter (495nm/520nm). No notable differences in
fluorescence were observed between treatments (each group, n =4).
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Fluorescence imaging was repeated with liver samples (Figure 3.13.) and, again, no
difference in fluorescence was observed between treatments. Although liver samples
of certain individuals from SLN treatment groups (such as Mouse 3 of TP group)
appeared to have greater fluorescence, this was minor and not consistent amongst the
other liver samples within the treatment group. Therefore, it does not appear that
BODIPY-tagged SLNs were present in the liver, suggesting they do not become systemic

following administration.

Untagged
Control

Tagged
Control

Tagged
Polyphenol

Figure 3.13. Fluorescence imaging of liver following treatment. After the seventh day of
administration of either Untagged Control (1% row), Tagged Control (2" row), Tagged
Polyphenols (3™ row), or Untagged Polyphenols (4" row), liver from each mouse was
imaged using the iBright 1500 Imaging System under the FITC filter (495nm/520nm). No
notable differences in fluorescence were observed between treatments (each group n =4).
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To confirm if fluorescence differed between groups, the total correlated total cell
fluorescence (CTCF) was calculated (Equation 2.2.) along the lower Gl tract
(duodenum, jejunum, ileum, caecum, and colon) and liver for each mouse. CTCF was
used as it provided are more accurate reading for fluorescence as it considers the size
of the tissue and any background fluorescence. For all treatments, fluorescence was
low along the Gl tract, with all regions measuring under 2.5RFU. Although CTCF was
higher in the liver amongst all treatment groups, fluorescence did not differ significantly
between treatments for any organ (p > 0.05, Figure 3.14.). The fluorescence observed

may be epithelial autofluorescence or unflushed faecal matter in the lumen.

B Duodenum MmJejunum M Ileum @ Caecum B Colon M Liver

Correlated Total Cell Fluorescence (RFU)

Untagged Control Tagged Control Tagged Polyphenol Untagged Polyphenol

Figure 3.14. Correlated total cell fluorescence (CTCF) for the liver and gastrointestinal organs
following treatment. After the seventh day of administration of either Untagged Control (UC),
Tagged Control (TC), Tagged Polyphenols (TP), or Untagged Polyphenols (UP), the Gl tract was
imaged using the iBright 1500 Imaging System under the FITC filter (495nm/520nm) and, using
Imagel, the CTCF was determined for the duodenum (navy), jejunum (orange), ileum (green),
caecum (turquoise), colon (purple), and liver (red). Between treatment groups, there was no
significant difference in CTCF in any organs (RFU = relative fluorescence units, each group n =
4, error bars = +SEM).
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3.4.2.4. Polyphenol detection using HPLC

In an attempt to conclusively determine whether SLN-tagged and untagged polyphenols

could be absorbed in the Gl tract, HPLC was performed on the small intestine, and

colon. Furthermore, to determine whether polyphenols became systemic following

administration, liver samples also underwent HPLC. Only initial data is available and

compares the liver of mice from the UC and TP groups (Figure 3.15.). There were no

additional peaks in the TP chromatogram, suggesting no polyphenols are present in the

liver and were not systemic. Therefore, polyphenols may not have been absorbed in the

Gl tract, but with only an n of 1 and without HPLC analysis on the smallintestine and

the colon, this cannot be confirmed. From this initial, limited data, itis unclear whether

SLN-tagged polyphenol absorption occurred or whether SLN tagging has improved

bioavailability.
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Figure 3.15. Chromatograms from HPLC analysis of liver tissue between Untagged Control and Tagged
Control treatments. Following seven days of administration of either Untagged Control (UC), Tagged
Control (TC), Tagged Polyphenols (TP), or Untagged Polyphenols (UP), HPLC was performed on
harvested liver tissue. Preliminary data (n = 1 for each treatment) did not indicate the presence of

polyphenols in the liver.
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4. Discussion

4.1. Immunological state of the defunctioned ileum prior to

reanastomosis

Due to ostensible compromised intestinal barrier function and increased potential for
bacterial translocation, immune cell populations in the defunctioned ileum of stoma
patients were hypothesised to be elevated. However, the results in 3.2. show no
significant difference in total DC, CD103* DC, or T cell populations between the
functional and defunctioned ileum. The immunological impacts of stoma formation on
the defunctioned ileum have scarcely been investigated and findings vary amongst
such studies. Previous research has focused on adaptive immunity, particularly T cells
(Watanabe et al., 2022; Li et al., 2022; Turki et al., 2019), so DC populations in the
defunctioned ileum have not been investigated in stoma patients. Although not
identical to the environment in the defunctioned ileum, rats administered TPN
experienced an increase in intestinal DC populations, suggesting nutrient deprivation
may increase innate immune cell populations (Hagiwara et al., 2011). However, DC
populations were measured after just seven days of nutrient deprivation, so results are
not directly comparable as the environment in the defunctioned ileum was examined

over a year since the defunctioning loop ileostomy was inserted.

Adaptive immune cells have been previously studied and a decrease in CD3* T cells in
the defunctioned ileum was reported (Watanabe et al., 2022; Li et al., 2022). However,
another study found no change in T cell numbers (Turki et al., 2019) and there is further
disagreement between studies when examining specific subsets; for example,
Watanabe et al., 2022 found no change in IFN-y* T cells whereas a separate study found
a decrease (Schmit et al., 2000). A notable explanation for the difference in results
could be the profile of participants for each study. Immune cell populations were
studied in IBD patients (Watanabe et al., 2022; Schmit et al., 2000), colorectal cancer
patients (Li et al., 2022), and graft-versus-host disease (GVHD) patients (Turki et al.,
2019) and the wide variety of pathologies had a range of associated treatments such as
chemotherapies and immunosuppressants. Changes inimmune cell populations may

differ between patients with different pathologies and are likely influenced by
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treatments the patients are undergoing. For example, chemotherapy has been shown
toreduce T cell populations (McCoy et al., 2012) so possible immunological changes
may be caused by patient-specific determinants rather than solely due to nutrient
deprivation in the defunctioned ileum. As well as variations in treatments, patients with
certain pathologies will already have disrupted immune cell populations prior to loop
ileostomy surgery. For example, Crohn’s disease is characterised by ileal inflammation
(iLleitis) resulting in elevated Th1 and Th17 cell numbers (Brand, 2009). For these
patients, stoma formation may cause a decrease in pro-inflammatory T cells, although,
this decrease would likely be to return T cells to homeostatic levels, rather than a
physiological decrease below normal levels. Therefore, direct comparison cannot be
made between the results in this study and previous studies that employed IBD and
GVHD patients due to pre-existing dysregulated T cell populations. Notably, this pilot
study excluded participants with IBD and a study that employed participants with both
IBD and non-IBD showed non-IBD patients experienced a less extensive reduction in
IFN-y secreting T cells (Schmit et al., 2000). This indicates immunological changes
observed in other studies may result from pre-existing T cell dysregulation. Therefore,
contradicting the hypothesis that immune cells would be upregulated, there is limited
evidence to suggest immune cell populations are affected by stoma formation.
Additionally, the impact of ileostomy may be unique to each pathology and its

associated treatment, making it difficult to draw conclusions at present.

The hypothesised increase in immune cell populations would likely correspond to
chronic inflammation. Priorto reanastomosis, historic signs of inflammation have been
reported in the defunctioned ileum, namely increased fibrosis and collagen type 1
expression (Beamish et al., 2017). However, inflammation scores immediately prior to
reanastomosis did not differ between the functional and defunctioned ileum, indicating
a lack of ongoing, chronic inflammation. This proposes a mechanism where, following
stoma formation, there was an initial period of inflammation caused by an upregulation
of immune cells but, with time, a possible ‘dysbiotic equilibrium’ was established
where immune cell populations are not perturbed. Therefore, nutrient deprivation and
subsequent reduction in bacterial load does not appear to have a long-term impact on

immune cell populations and a new homeostasis is achieved, albeit at a potentially
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compromised capacity. The consistency in CD103* DC proportions between the
functional and defunctioned ileum (3.2.) supports this theory, as elevated numbers of
this subset would correlate to an increase in T cell activity and abundance. However,
total T cell numbers were not changed, indicating immune cell responses are not

dysregulated.

Despite these proposed mechanisms, the limited sample size must be considered, and
a larger cohort may yield more accurate results. Additionally, investigation into specific
T cell subsets would be more indicative to elucidate the immunological state of the
defunctioned ileum. Only total CD3* T cell populations were examined in this study,
whereas specific quantification of pro- and anti-inflammatory T cell populations would
confirm whether pro-inflammatory T cells are upregulated in the defunctioned ileum,
confirming if there is ongoing inflammation. Performing flow cytometry to identify
certain pro-inflammatory T cell subsets like Th1 and Th17 and ELISA (enzyme-linked
immunosorbent assay) to measure levels of pro-inflammatory cytokines like IFN-y, IL-2,
and TNF-B would highlight any upregulated inflammatory responses occurring in the
defunctioned ileum. Furthermore, only mucosal and LP immunity was assessed in this
study, but the activity of these T cell subsets could be further elucidated by performing
flow cytometry on small intestine-associated MLNs. This would provide a more
accurate representation of CD103* DC activity and T cell activation which occurs in the
MLNs. For more accurate results, Cytometry by Time of Flight (CyTOF) could be
implemented as multiple immune cells can be analysed and without the need for
spectral compensation, reducing the risk of spectral overlap which can impact the

accuracy of flow cytometry.

4.2. Physiological state of the defunctioned ileum prior to
reanastomosis

Although well reported in previous studies, the physiological impacts of nutrient

deprivation in the defunctioned ileum were still assessed. Work by Beamish et al., 2017

and numerous other studies had already reported a decrease in villus height in the

defunctioned ileum (Williams et al., 2007; Li et al., 2022; Oh et al., 2005; Wieck et al.,
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2017; Watanabe et al., 2022). As hypothesised, results in 3.2.2. confirmed that nutrient
deprivation and lack of luminal stimulation in the defunctioned ileum caused villus
atrophy. Crypt physiology was also assessed in a handful of these papers (Williams et
al., 2007; Li et al., 2022; Watanabe et al., 2022) but no changes in crypt depth was
observed in the defunctioned ileum, agreeing with the results in 3.3.3. However, other
human studies (Wieck et al., 2017; Oh et al., 2005) and several rodent stoma models
(Fowler et al., 2017; Jozsa et al., 2009) reported a reduction in crypt depth and width

following stoma formation.

Variation in results may depend on the duration with stoma and the type of participant
included in each study. Stoma duration is an important consideration as the
physiological environment in the defunctioned ileum changes over time. In the short
term (two months with ileostomy), the functional ileum experienced post-surgical
inflammation, causing hypertrophy characterised by an increase in villus height and
mucosal thickness (Oh et al., 2005) as well as increased enterocyte proliferation (J6zsa
et al., 2009). In contrast, observations after nine months with ileostomy showed
hypertrophy in the functional ileum was ameliorated, indicating prolonged duration
with a stoma eventually leads to restoration of homeostasis and a reduction of
inflammation in the functional ileum. Rodent stoma studies that reported a reduction
in crypt depth in the defunctioned ileum took measurements less than a week following
stoma formation. Therefore, differences between functional and defunctioned ileal
crypt depth may not be a result of a decrease in the defunctioned ileum but more so

hypertrophy in the functional ileum.

In the human studies that reported a reduction in crypt depth, one study examined
physiological changes in neonates (Wieck et al., 2017). Similarly to the rodent studies,
patients did not have a stoma for a prolonged period and newborns are known to have
different intestinal environments than adults such as reduced gut microbial diversity
(Hu et al., 2013). Crypt depth reduction observed in the second human stoma study
(Oh et al., 2005) did not disclose the cohort demographic, so itis unknown whether age,

pathologies, or associated treatments influenced these results.

Therefore, cohort age and stoma duration in these studies means they cannot be

directly comparable to the findings of this study. Oppositely, all other studies which did
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not report changes in crypt depth, employed adult patients who lived with the stoma for
a prolonged period. These studies and our findings support a mechanism where there
is aninitialimmunological response leading to physiological changes in both the
functional and defunctioned ileum but, with time, immune responses cease, and

homeostasis is achieved, restoring normal crypt depth.

4.3. Physiological impacts of DLS in the defunctioned ileum prior to

reanastomosis

DLS in the defunctioned ileum was hypothesised to boost the diminished bacterial load
and improve mucosal physiology, particularly by reversing villus atrophy. Nutrient
deprivation models have previously demonstrated the effectiveness of DLS to improve
the intestinal environment. For example, after just three days of refeeding, villus and
crypt atrophy and reduced enterocyte thickness was reversed in starved rats (Dunel-
Erb et al., 2001). Furthermore, return to enteral feeding increased villus height and gut
weightin a TPN rat model (Mukau et al., 1994), proving intestinal atrophy can be
reversed with luminal stimulation. However, despite all nutrient deprivation models
sharing similarities in intestinal environments, the defunctioned ileum is unique and

may respond differently to DLS.

Prebiotic DLS has previously demonstrated its success at reducing post-reanastomosis
complications (Abrisqueta et al., 2014; Garfinkle et al., 2023) so a prebiotic approach
was selected for this study. Despite the hypothesis that restoration of eubiosis in the
defunctioned ileum would reverse mucosal atrophy, villus height in the defunctioned
ileum was not increased. Despite no change to villus height, a significantincrease in
crypt depth was observed, potentially demonstrating the replenishment of proliferative
activity in the crypt base. Although increased crypt depth can be associated with
intestinal damage or inflammation (Bereswill et al., 2010), this is unlikely to be the case,
as macroscopically, tissue samples appeared healthier and less shrunken following

DLS.
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Although not employing a prebiotic approach, one comparable study showed PCNA
expression was increased following succus entericus (digestive enzyme mixture)
reinfusion (Zhu et al., 2011). Cells in the crypt base are known to secrete PCNA
(Yamada et al., 1992) and these cells are reported to be decreased in the defunctioned
ileum (Beamish et al., 2017). Therefore, an increase in PCNA-positive cells following
DLS suggests crypt base-located PCNA-positive cells are replenished, possibly
indicating the upregulation of proliferative activity in the defunctioned ileum. Another
form of DLS, faecal recycling, was also shown to boost proliferative activity, causing an
increase in Ki67-positive cell numbers in the defunctioned ileum (Uga et al., 2021).
Therefore, the observed increase in crypt depth following DLS may be attributed to a
potentialincrease in proliferating cells, making the crypts appear deeper. Intestinal
crypts are the initial responders to changes in intestinal environment and an increase in

crypt depth may be the first sign of the restoration of intestinal homeostasis.

Cells local to the crypt base like Paneth cells are also reduced by stoma formation
(Wieck et al., 2017) and an increase in crypt depth may correspond to an increase in
Paneth cell numbers or activity. Paneth cells are responsible for maintaining the stem
cell niche, so their replenishment would likely increase proliferative activity, such as an
increase in PCNA-positive and Ki-67 positive cells in the crypt base. Restoration of the
stem cell niche would correspond to increased ISC numbers and activity, allowing
mucosal atrophy to be reversed. Using immunohistochemistry and fluorescence
microscopy would confirm the replenishment of Paneth cells and to investigate
whether their activity is increased and the stem cell niche is replenished, Wnt, EGF, and
Notch signal levels before and after DLS could be compared using gPCR. Additionally,
ISCs and goblet cells are reduced in the defunctioned ileum so determining if DLS
increased numbers of these cells would give additional insight into intestinal barrier
integrity and function. Another approach to elucidate changes to the intestinal
environment could be to investigate changes in gut hormone levels associated with
intestinal growth and repair such as gastrin, cholecystokinin, or glucagon-like peptide-2

(GLP-2).

However, despite the proposal of a mechanism where the stem cell niche and ISC

activity is restored, villus height did not increase following DLS. The persistence of
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villus atrophy may be attributed to the variation in feeding regime between patients,
from three weeks to just three days prior to reanastomosis. The short period of time,
accompanied by the small cohort, may limit the observable changes caused by DLS
and with a prolonged, uniform feeding regime, villus height may increase, as seen
following faecal recycling in mice (Uga et al., 2021). An n of 3 limits the confidence in
these results as smaller cohorts reduce the study’s statistical power and anomalous

results contribute to poor representation of findings.

Although this study focused on prebiotic DLS, any potential changes to microbial
composition are stillunknown. The hypothesised mechanism, and rationale for this
pilot study, was prebiotic DLS would increase the bacterial load, restore the normal
intestinal environment, and reverse mucosal atrophy. Although further investigation is
required, the findings in this study support this mechanism as initial signs of increased
intestinal activity were observed, possibly attributed to an improvement in microbial
composition. Functional and defunctioned ileal tissues have been prepared for 16S
rDNA sequencing which will elucidate any changes to bacterial load and composition
following DLS. Unfortunately, these data are not currently available, so it is unknown
whether the prebiotic suspension used in this experiment successfully altered the gut
microbiome. As well as 16S rDNA sequencing, other indicators of intestinal eubiosis,
such as increased levels of SCFAs could also be investigated as this would indicate an
increase in beneficial bacteria and improvement to the intestinal environment. Goblet
cells are regulated by the gut microbiome (Engevick et al., 2019) so assessing goblet
cell abundance and activity would not only be indicative of the condition of the
intestinal environment but would also indirectly give insight into the state of the

microbiome.

Although these findings are limited, they indicate early signs of intestinal replenishment
following DLS, despite a very small sample size. This indicates that the DLS-induced
reduction of post-operative complications following reanastomosis may be caused by
the restoration of intestinal homeostasis and normal mucosal physiology. These initial
data support the inclusion of DLS prior to reanastomosis, not only to reduce post-

operative morbidity but also to improve the intestinal environment.
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4.4. Investigating polyphenol bioavailability
4.4.1.Polyphenol translocation through an intestinal epithelial

monolayer

Polyphenol bioavailability is not completely elucidated, but previous studies report high
variability in metabolism and absorption. HPLC was used to investigate ferulic acid and
apigenin translocation through a Caco-2 epithelial monolayer. As expected, both
ferulic acid and apigenin were detected in the basolateral chamber, suggesting
polyphenols were transported through the apical epithelial membrane and released
through the basolateral membrane. However, polyphenols were detected at extremely
low concentrations and, for ferulic acid, were only detected under the optimal
wavelength (240nm). Additionally, without the inclusion of a calibration curve with
known polyphenol concentrations, the exact amount of ferulic acid and apigenin
presentin the basolateral chamber cannot be calculated. Although both ferulic acid
and apigenin were previously shown to pass through an epithelial monolayer (Sanchez-
Marzo et al., 2019; Konishi and Shimizu, 2003), this gives limited insight into their
metabolism and absorption in situ. Polyphenol metabolism is reliant on enteric
bacteria-produced digestive enzymes (Zhu et al., 2018; Gaur et al., 2020; Szwajgier and
Jakubczyk, 2010) but in vitro experiments are performed under a sterile environment,
without a microbiome. Therefore, these experiments do not reflect the absorption of
polyphenols in the Gl tract and cannot give complete insight. Additionally, itis not
confirmed that the added polyphenols are passing through the apical and basolateral
membranes of the cells to reach the basolateral chamber and may be translocating the
monolayer via adherens junctions or tight junctions. Future work could visualise
polyphenol translocation through the monolayer by fluorescently tagging the
polyphenols and using confocal microscopy to determine whether polyphenols pass
through or in between cells. For further confirmation, membrane transport blockers
such as phloretin and benzoic acid could be introduced into the apical chamber and
assess whether this hinders polyphenol translocation, indicating polyphenols are

reliant on transport through the apical membrane.
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Low detection on the basolateral side of the monolayer may not result from low
translocation but could be due to too small a concentration of polyphenols used in the
experiment. Other studies, for example, added ferulic acid at 5mM (Konishi and
Shimizu, 2003) and apigenin at 1.4ug/ml (Sato et al., 2024) whereas 10pmol/l was used
in this study. Therefore, increasing the concentration added to the apical side of the
monolayer will make detection in the basolateral chamber easier and will be helpful

when detecting polyphenol translocation.

4.4.2. Attempts to improve polyphenol bioavailability

4.4.2.1. Impact of SLNs and EVOO extracts on colonic physiology

Colonic crypt depth was compared between treatment groups to identify if polyphenol
or SLN administration altered mucosal physiology. The colon was selected as it has the
greatest microbial density (Rastall, 2004) and is the location for the majority of
polyphenol absorption (Clifford, 2004). As expected, crypt depth did not vary between
treatments, indicating there was no detrimental impacts on physiology. Because the
mice involved in the study were healthy, wildtype mice with normal mucosal
physiology, potentially beneficial physiological effects may not be observed.
Comparatively, previous studies have used disease models to highlight EVOO’s ability
to improve intestinal barrier function and reverse intestinal atrophy. EVOO was able to
ameliorate mucosal crypt loss following DSS-induced colitis and demonstrated crypt
regeneration (Sanchez-Fidalgo et al., 2011) as well as reduce the number of dystrophic
goblet cells and crypt abscesses (Cariello et al., 2020). Using an ileitis model to assess
the effects of EVOO administration on mucosal atrophy would demonstrate possible

benefits conveyed to ileal physiology.

4.4.2.2. Impact of SLNs on polyphenol bioavailability

Following imaging of the liver and lower Gl tract, fluorescence was hypothesised to be
greatest in SLN-tagged treatments. However, organs showed no difference in

fluorescence between treatment groups, confirmed by calculating CTCF, which did not
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differ significantly between mice. This suggests no fluorescently tagged SLNs were
presentin the tissue, indicating SLNs were not absorbed or transported to the liver.
However, there was no confirmation that the BODIPY fluorophore could be detected by
the iBright 1500 so SLNs may be presentin tissues but just cannot be visualised. In
future experiments, treatments should be pipetted out and imaged to confirm that the
fluorophore can be imaged and, if not, a different fluorophore should be employed such
as fluorescein. Nevertheless, initial results from HPLC analysis did not detect SLN-
tagged polyphenols in the liver, suggesting polyphenols were not systemic. However,
with just an n of 1, no conclusions can be made regarding polyphenol absorption in this
experiment. Itis therefore unknown whether SLN-tagged EVOO extracts are absorbed
and, if so, at a greater rate than untagged extracts. Previous administration of
polyphenols only resulted in less than 1% of the original dose detected in the liver,
(Soleas et al., 2001); therefore, the sensitivity of HPLC may limit polyphenol detection in

these tissues.

Previous studies have not analysed liver tissue to identify the presence of polyphenols,
but plasma concentrations of resveratrol (Zhang et al., 2019; Pandita et al., 2017) and
curcumin (Baek and Cho, 2017; Ban et al., 2020) were increased by SLN-tagging.
Therefore, with further analysis, SLN-tagged EVOO extracts may be detected in the liver
and at a greater concentration than untagged extracts. Due to the lack of data available
and lack of repeats, no conclusions can be made regarding the effectiveness of SLNs in
increasing polyphenol bioavailability. Based off previous studies, SLNs appear to
increase polyphenol absorption and have been suggested to enhance uptake in the
smallintestine, making them a promising inclusion for DLS. Upcoming data will aim to
reveal whether SLNs increase polyphenol bioavailability and whether SLN-tagged
polyphenols are absorbed in the small intestine. Furthermore, to improve accuracy of
future results and eliminate potential sex-specific biological responses, groups of both

male and female mice should be employed for each treatment.
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4.4.2.3. Suitability for SLN-tagged EVOO extracts in DLS

For EVOO and its polyphenolic extracts to be a useful inclusion in DLS, they must
improve ileal dysbiosis and reverse mucosal atrophy. EVOO has previously
successfully reversed atrophy, but this has only been demonstrated in the colon.
Improvements to ileal atrophy (essential for DLS) have not been reported in EVOO
extracts but resveratrol and grape seed extract (GSE) have reduced the extent of
intestinal shortening and crypt deepening in mouse ileitis models (Bereswill et al.,
2010; Yang et al., 2014). Although these studies are promising, this study has
hypothesised that atrophy in the defunctioned ileum results from nutrient deprivation
and a reduced bacterial load, rather than long term inflammation (Beamish et al.,
2017). Therefore, for EVOO to be beneficial to DLS, it must reverse dysbiosis and
stimulate intestinal cell activity. EVOO has previously been shown to increase the
abundance of beneficial bacteria in disease models (Vezza et al., 2019; Martin-Peldez
et al., 2017) but this has not been demonstrated in nutrient deprivation models.
Additionally, microbial analysis is traditionally performed on faecal samples, soitis

unclear whether the ileal microbiome is improved by polyphenol intake.

Low bioavailability in the small intestine also discourages the inclusion of EVOO in DLS;
previous studies have demonstrated SLNs allow for nutraceuticals to be absorbed in
the small intestine (Oehlke et al., 2014), but polyphenols are distinct in that they are
proposed to transit the small intestine without being absorbed (Clifford, 2004).
Additionally, SLN tagging may impair the prebiotic abilities of polyphenols by blocking

their metabolism from enteric bacteria, further limiting their capabilities.

Future HPLC analysis will determine if SLNs can improve polyphenol bioavailability in
the small intestine and using 16S rRNA or rDNA sequencing to compare microbial
composition will determine whether ileal microbial composition is improved and
whether SLN tagging effects this. If absorption in the smallintestine is still limited and
the ileal microbial composition is not influenced, polyphenols may not be appropriate

for DLS.
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4.5. Conclusion

Unexpectedly, comparison of DC and T cell populations found no difference between
the functional and defunctioned ileum, suggesting no inflammatory or anti-pathogenic
responses were upregulated at the time of reanastomosis. Therefore, villus atrophy,
reported in this study, and other signs of atrophy in the defunctioned ileum such as a
reduction in Paneth and goblet cells, were not attributed to dysregulation of immune
responses. The preliminary findings of this pilot study are the first to investigate the
impact of prebiotic DLS on intestinal physiology in the defunctioned ileum. Although
the primary indicator of atrophy, villus height reduction, was not improved by DLS, crypt
depth was increased. This could be an initial indication of restored proliferative activity
in the crypt base and this study is the first to report this. This could indicate the start of
restoration of the normal intestinal environment, supporting the use of DLS prior to
reanastomosis to improve intestinal physiology. This may also improve bacterial
dysbiosis and contribute to the reduction in post-operative complications reported in
other studies. These findings demonstrate the pilot study’s feasibility and, therefore,
can be expanded to more participants and include a more in-depth investigation. For
example, the effectiveness of DLS can be confirmed by analysis of activity of cells
located in the crypt base such as Paneth cells and ISCs to determine whether
proliferative activity is boosted in the crypts. Also, with a longer, uniform feeding
regime other physiological changes caused by DLS may be observed. The study is also
limited by the lack of optimisation of DLS suspension. The chemical composition of the
nutrient stream that reaches the distal ileum via oral feeding likely differs from the
nutritional composition of the DLS suspension used in this study. Therefore, further
development of the suspension is required to best replicate the normal nutrient stream

that passes through the distal ileum.

Alongside this pilot study, the murine study attempting to improve polyphenol
bioavailability using SLNs was unable to yield sufficient evidence to conclude if SLNs
increase polyphenol uptake. Despite their proposed prebiotic benefits, the inclusion of
polyphenols in DLS is currently still unfeasible due to their low bioavailability in the

smallintestine. Hopefully upcoming data will determine whether SLN-tagged
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polyphenols are absorbed in the small intestine at a greater rate than untagged

polyphenols, increasing their usefulness in DLS.
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5. Appendix

5.1. APES-coated microscope slides

In the fume hood, microscope slides placed in a slide rack were immersed in 1% acid
alcohol (1% (v/v) concentrated HCIL, 70% ethanol, 29% H,0) for thirty minutes to clean
the slides. Slides were then rinsed under running water, immersed in distilled water,
then removed and allowed to dry. Once dry, slides were immersed in acetone [Sigma-
Aldrich®] for ten minutes followed by immersion in 2% (v/v) APES
(aminopropyltriethoxysilane [Sigma® A3648]) for a further five minutes. Slides were
then briefly immersed in two sequential rinses of distilled water and left to dry
overnight. Once dry, APES-coated slides were transferred to a dust-free container and

stored for up to several months.

5.2. Flow cytometry
5.2.1.Cell surface antibodies

Table 5.1. Cell surface antibody panels used in flow cytometry acquisition.

Human T cell panel Human DC/macrophage panel

CD45 (PE/Cy7) CD45 (BV750)
CD3 (PerCP) CD3, CD19, CD20, CD56 (FITC- ‘dump’
channel
CD4 (Spark violet 500) HLA-DR (PE/Cy7)
CD25 (BV650) CD11c (PERCP)
CD127 (PE) CD68 (APC)
CD8 (PE/Dazzle 594) CD163 (BV605)
CD86 (PE)
CD103 (BV421)
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5.2.2.Patient filter panels

Table 5.2. Flow cytometry filter panel for Patient BCRG003.

BCRGO003 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 8 TLRS CD103 Cocktail HLA-DR Dye
2 9 TLR5 CD11c Cocktail HLA-DR Dye
3 10 TLRS CD163 Cocktail HLA-DR Dye
4 11 IgG2a CD103 Cocktail HLA-DR Dye
5 12 IgG2a CD11c Cocktail HLA-DR Dye
6 13 IgG2a CD163 Cocktail HLA-DR Dye
7 14 TLRS IgG1 Cocktail HLA-DR Dye

Comp. ctrl

15 IgG2a

16 IlgG1l

17 CD3

18 IgG2a
Table 5.3. Flow cytometry filter panel for Patient BCRG004.
BCRG004 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 6 TLR5 CD103 Cocktail HLA-DR Dye
2 7 TLRS CD11c Cocktail HLA-DR Dye
3 8 lgG2a CD103 Cocktail HLA-DR Dye
4 9 IgG2a CD11c Cocktail HLA-DR Dye
5 10 TLR5 lgG1 Cocktail HLA-DR Dye

Comp. ctrl

11 1gG2a

12 lgG1

13 CD3

14 IgG2a
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Table 5.4. Flow cytometry filter panel for Patient BCRG006.

BCRG006 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 9 TLR5 CD163 CD14 HLA-DR Dye
2 10 IgG2a CD163 CDhi14 HLA-DR Dye
3 11 TLR5 CD163 IgG1l HLA-DR Dye
4 12 TLRS CD103 Cocktail HLA-DR Dye
5 13 TLR5 CD11c Cocktail HLA-DR Dye
6 14 IgG2a CD103 Cocktail HLA-DR Dye
7 15 lgG2a CD11c Cocktail HLA-DR Dye
8 16 TLRS IgG1 Cocktail HLA-DR Dye

Comp. ctrl

17 IgG2a

18 lgG1l

19 CD3

20 IgG2a
Table 5.5. Flow cytometry filter panel for Patient BCRG007.
BCRGO007 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 9 TLRS CD163 CDhi14 HLA-DR Dye
2 10 IgG2a CD163 CD14 HLA-DR Dye
3 11 TLRS CD163 IgG1 HLA-DR Dye
4 12 TLR5 CD103 Cocktail HLA-DR Dye
5 13 TLRS CD11c Cocktail HLA-DR Dye
6 14 IgG2a CD103 Cocktail HLA-DR Dye
7 15 lgG2a CD11c Cocktail HLA-DR Dye
8 16 TLRS IgG1 Cocktail HLA-DR Dye

Comp. ctrl

17 IgG2a

18 lgG1

19 CD3

20 IgG2a
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Table 5.6. Flow cytometry filter panel for Patient BCRG018.

BCRG018 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 8 TLR5 - CD3 CDh14 Dye
2 9 TLRS CDh64 Cocktail HLA-DR Dye
3 10 IgG2a - CD3 CDh14 Dye
4 11 IgG2a CDh64 Cocktail HLA-DR Dye
5 12 - lgG1 Cocktail HLA-DR Dye
6 13 - - CD14 lgG2a Dye
7 14 - - IgG1l CDh14 Dye

Comp. ctrl

15 IgG2a

16 1gG1

17 1gG1

18 IgG2a

19 Dye
Table 5.7. Flow cytometry filter panel for Patient BCRG020.
BCRG020 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 8 - - cD3 CD14 _/+
2 9 - CD163 Cocktail HLA-DR [+
3 10 - - CD3 CD14 _/+
4 11 - CD161 Cocktail HLA-DR [+
5 12 - lgG1l Cocktail HLA-DR [+
6 13 - - lgG1l CD14 _/_
7 14 - - CD3 lgG2a A

Comp. ctrl

15 lgG2a

16 lgG1

17 1gG1

18 IgG2a

19 Dye
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Table 5.8. Flow cytometry filter panel for Patient BCRG021.

BCRGO021 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 7 - CD11c Cocktail HLA-DR Dye
2 8 - IgG1 Cocktail HLA-DR Dye
3 9 - CD11c CD3 CDh14 Dye
4 10 - lgG1 CD3 CDh14 Dye
5 11 - CD163 CD3 CDh14 Dye
6 12 - lgG1 IgG1 IgG2a Dye

Comp. ctrl

13 IgG2a

14 lgG1

15 CD3

16 IgG2a

17 Dye
Table 5.9. Flow cytometry filter panel for Patient BCRG022.
BCRGO022 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 9 CD25 CD4 CD19 CD14 Dye
2 10 lgG1 Cb4 CD19 CD14 Dye
3 11 IgG1 IgG1 IgG1 IgG2a Dye
4 12 - CD33 Cbh14 HLA-DR Dye
5 13 - lgG1l CD14 HLA-DR Dye
6 14 - CD33 IgG1 HLA-DR Dye
7 15 - CD11c Cocktail HLA-DR Dye
8 16 - lgG1 Cocktail HLA-DR Dye

Comp. ctrl

17 lgG2a

18 IgG1

19 CD3

20 IgG2a

21 Dye
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Table 5.10. Flow cytometry filter panel for Patient BCRG023.

BCRG023 FL-1 FL-2 FL-3 FL-4 FL-5
Functional Defunctioned | FITC PE APC PE-Cy7 APC-Cy7
1 9 CD25 CDh4 CD19 CD14 Dye
2 10 IlgG1l CD4 CD19 CDh14 Dye
3 11 1gG1 1gG1 1gG1 IgG2a Dye
4 12 - CD33 CDi14 HLA-DR Dye
5 13 - lgG1l CD14 HLA-DR Dye
6 14 - CD33 IgG1 HLA-DR Dye
7 15 - CD11c Cocktail HLA-DR Dye
8 16 - IgG1 Cocktail HLA-DR Dye

17 CD25 CD4 CD19 CD14 -

18 CD25 CDh4 CD19 CD14 Dye

Comp. ctrl

19 1gG1

20 1gG1

21 CD3

22 IgG2a

23 Dye
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