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Abstract

Background: The function of the gastrointestinal tract in monitoring and sealing the host
interior from toxins, antigens and microbes, is termed the gut barrier. Disruptions in the gut
barrier result in an increase in intestinal permeability (IP). Evidence suggests that the intestinal
permeability barrier becomes compromised in acute pancreatitis (AP), chronic liver disease
(CLD) and to a limited degree in chronic pancreatitis (CP). In acute pancreatitis, changes
correlate with disease severity, multi-organ failure, mortality and outcome. Bacterial
translocation and dysbiosis along with immunological responses have also been associated
with changes in gut permeability. Confocal laser endomicroscopy (CLE) is a novel tool that
has been used to investigate intestinal permeability in other gastrointestinal disease.

Aims: To determine whether CLE can be used to assess intestinal permeability, bacterial
translocation and endotoxaemia in patients with chronic pancreatitis, chronic liver disease and
acute pancreatitis. To assess the responses of immunology and infection in patients with acute
pancreatitis whilst also assessing changes related to increasing severity of disease in acute
pancreatitis.

Methods: 182 patients were recruited: 54 AP (Determinant Based Classification); 47 CP
(surgically or conservatively managed); 33 CLD and 48 non-ulcer dyspepsia, rendering 13
healthy controls. Blood was sampled and duodenal fluid aspirated for culture. CLE was
performed in consenting patients and fluorescein leakage scored. Endotoxin antibodies,
cytokine concentrations and lactulose mannitol ratios were measured; Diamine oxidase
(DAO) concentrations were assayed in AP patients undergoing CLE.

Results: Fluorescein leakage and lactulose mannitol ratios were significantly higher in
patients with AP (p=0.0346 and p=0.046 respectively) and surgically managed CP (p=0.032,
p=0.030) compared to healthy controls. Patients with AP more frequently showed positive
duodenal bacterial cultures than controls (p=0.004); positive duodenal cultures were
associated with fluorescein leakage (p=0.035). Plasma endotoxin antibody concentrations
were decreased in AP compared to controls. Multiple cytokines showed significantly
increased concentrations in severe AP. DAO concentrations were significantly increased in
AP patients who showed fluorescein leakage at CLE (p=0.035).

Conclusion: CLE identified increased IP in AP and surgically managed CP, associated with
endotoxaemia, increased serum cytokines and DAO, with most marked changes in severe AP.
The association of fluorescein leakage with duodenal bacterial proliferation in AP indicates
major gut dysfunction that may account for bacterial translocation via epithelial gaps,
contributing to AP severity. Endotoxaemia, positive duodenal bacterial cultures, and increased
serum concentrations of several cytokines were associated with increasing severity of AP. The
increase in positive duodenal bacterial cultures in patients who also demonstrated fluorescein
leakage at CLE supports a hypothesis of bacterial translocation, suggesting that the
gastrointestinal barrier is altered in AP. Evidence for increased IP was also observed in
surgically managed CP patients, suggesting that the gut barrier may also be compromised in
some CP patients.
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1.1 Gastrointestinal Permeability

The function of the gastrointestinal tract in monitoring and sealing the host interior
from toxins, antigens and microbes, is termed the gut barrier. [1] Intestinal epithelial
cells, the gut immune system, and immunologic responses serve as layers of defence.
[2] The overall maintenance of gut barrier integrity is a dynamic process expending
significant energy. The cellular processes generating energy and oxidation also
enable the gut to perform this role. [5] Thus, nutritional deficiencies play a key role
in the development of gut barrier dysfunction. [6] Disruptions in the gut barrier result
in an increase in intestinal permeability. Various mechanisms of damage have been
proposed which may lead to the translocation of endotoxin and enteric bacteria. [7]
There is substantial evidence from both experimental acute pancreatitis in rodent
models and clinical acute pancreatitis studied in different human populations, that
the intestinal permeability barrier becomes compromised in this condition. This
chapter reviews the literature related to intestinal permeability in acute pancreatitis,
and the correlation between this and resultant bacterial and endotoxin translocation
from the gut lumen into the circulation.

Alterations in intestinal permeability (IP) have also been reported in chronic liver
disease (CLD) and to a limited degree in chronic pancreatitis (CP). In acute
pancreatitis, changes correlate with disease severity, multi-organ failure, mortality
and outcome. [5] Increases in intestinal permeability also correlate with various
disease severity markers including C-reactive protein concentration, serum cytokine
concentrations, procalcitonin concentration. Apache Il scoring, Atlanta criteria and
the Determinant Based Classification allow classification of disease and grading of
severity based on clinical parameters and also have been shown to correlate with
changes in gastrointestinal permeability. Increased IP allows the passage of
microbes, which are usually maintained within the gut lumen by physiological and
homeostatic mechanisms, through the systemic circulation to extra-intestinal sterile
sites, potentially exacerbating the severity of pancreatitis. [8] [9]
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In patients with cystic fibrosis who have chronic pancreatitis, increased intestinal
permeability has been reported compared with those without, and this is secondary
to changes in villus and crypt tight junctions. [10] Cytokine balance has also been
associated with increased pathogenic microbiota and gut permeability. [11]
Bacterial translocation and endotoxaemia are also thought to exacerbate the severity
of liver disease, leading to decompensation of cirrhosis, with spontaneous bacterial
peritonitis, hepatic encephalopathy, hepatorenal syndrome and variceal bleeding.
[12] [13] [14] Immunomodulatory, cellular and molecular events lead to changes in
the expression of intestinal tight junction proteins, representing cellular mechanisms
for intestinal barrier disruption and hyper-permeability. Patients with hepatic
encephalopathy have been shown to have altered intestinal flora, increased serum
endotoxin levels, and an increase in the serum concentrations of various cytokines
(1L-6, Tumour Necrosis Factor-alpha (TNF)-a, IL-2, and 1L-13). [15] Several tests
can be used to examine intestinal barrier function. [5] [16] Transport of molecules
across the intestinal epithelium takes place through two major routes, trans-cellular
and paracellular. Transport of solutes across the transcellular route is carrier-
mediated and occurs with the help of transporters and channels whereas transport of
molecules through the paracellular route across the intestinal epithelium occurs by
the process of diffusion and it is not carrier-mediated. The intestinal epithelial barrier
is key to this process. The disruption of this barrier system results in changes in
intestinal permeability and the penetration of noxious substances. Assessment of
intestinal permeability is done to assess the overall function of transport through the
intestinal epithelial paracellular route. [17]

There are series of agueous pores along the crypt villous axis of the small intestine,
with smaller pores at the villus tip and slightly larger ones at the crypts. Most of the
probes used to measure intestinal permeability are water-soluble, which cannot
penetrate the lipid cell membrane of enterocytes and thus use the paracellular route
through the tight junctions. The smaller probes can easily pass through the small,
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more numerous and more accessible tight junctions of the villous tips, whereas the
larger probes have to make use of the larger, less accessible and less numerous pores
at the crypt base.

Intestinal permeability is measured with the help of a non-metabolizable probe
molecules which pass across the mucosal barrier and are excreted in the urine after
being absorbed into the systemic circulation. Quantitation of the probe in a timed
urine or serum collection provides a measure of the fraction of ingested probe that
has penetrated the mucosal barrier. Only a small proportion of this large probe
should get through the intestinal mucosa, reach the circulation, get filtered by the
kidney and get measured in the urine over a defined point of time. If there is an
abnormality in the paracellular transport; the passage of the probe is enhanced and
thus more is excreted in the urine which suggests abnormality in the intestinal
permeability. Intestinal permeability can be assessed using a variety of marker
probes such as lactulose, mannitol, rhamnose and cellobiose, polyethylene glycol
(PEG) 400, PEG 1000, 51Cr-EDTA and 99mTc-DTPA. Multiple mucosal and non-
mucosal factors can affect the excretion of a single dose of a test probe and thus a
dual sugar probe test is used for the assessment of intestinal permeability. This
involves the simultaneous oral administration of a disaccharide and a
monosaccharide and measurement of their excretion in urine over a defined period
of time. Intestinal permeability is measured as the ratio of percentage of excretion
of disaccharides/monosaccharides in the urine or serum. Expression of these
excreted sugars as a ratio overcomes the individual variations of other factors. [18]
The concentration of one or more sugar probe can be measured using enzyme assay,
high performance liquid chromatography (HPLC), ion-exchange chromatography in
combination with mass spectrometry and liquid chromatography with mass
spectrometry. If the PEG has been used as a probe, then the concentration of the

PEG can be assessed using capillary column gas chromatography.
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Lactulose and mannitol ratio is the most commonly used test for assessment of
intestinal permeability and the most reliable method of measurement of
concentration of lactulose and mannitol is HPLC. HPLC is a chromatographic
technique used to separate a mixture of compounds with the purpose of identifying,
quantifying and purifying the individual components of the mixture. [17]

High pressure liquid chromatography (HPLC) for the determination of lactulose and
mannitol in serum, as opposed to urine, 90 minutes after ingestion of a sugar
solution, is another reported method. [19]

The small intestinal epithelium is in constant equilibrium with continuous villus cell
shedding and crypt cell replacement. [20] [21] A gap may form from extruding cells;
this is closed by neighbouring cells forming a tight junction beneath. Lack of closure
leads to gaps in the villus architecture and these have been shown to increase in
various gastrointestinal disorders including inflammatory bowel disease and
gastrointestinal malignancies, due to the high turnover of shedding epithelial cells.
[22] [23] [24] As detailed later, these gaps have been shown to correlate with loss of
intestinal barrier function. [22, 25] Confocal laser endomicroscopy (CLE) is a novel
diagnostic tool which allows the evaluation of in vivo mucosal histology and
assessment of intestinal barrier function. This technique is discussed in more detail

later in this introduction.

1.2 The Gut Barrier and Intestinal Microbial Flora

The intestinal epithelium is a critical component of the gut barrier and is composed
of a single layer of intestinal epithelial cells (IECs) held together by tight junctions.
[26] A single contiguous layer of epithelial cells provides a dynamic mechanical
barrier between the host’s internal milieu and the external environment and this
excludes potential pathogens. [27, 28] Rapid cell turnover and peristalsis clear
adherent or entrapped microbes into the gut lumen. [29] However, multiple microbes
are maintained within the gut lumen by physiological and homeostatic mechanisms.
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DNA sequencing technology and computational biology advances have
revolutionized the field of microbiomics. In healthy individuals, pro- and anti-
inflammatory signals are balanced such that commensal organisms are recognized
and tolerated, while pathogens are prevented from penetrating the mucus layer and
underlying epithelium. Examples include: E. coli, Enterobacter aerogenes,
Enterococci, Pseudomonas aeruginosa, Proteus, Bacteroides, and Klebsiella. [9] A
large-scale comparative analysis of 16S rDNA sequences has better characterised
the adherent mucosal and faecal microbial communities. A total of 395 bacterial
phylotypes were identified of which 244 were novel. Bacterial diversity within the
human colon and faeces is significant and this study demonstrated a great degree of
heterogeneity between individuals. [30] More recent reports discuss the diverse
consortium of bacteria, fungi, protozoa, and viruses that inhabit the gut of all
mammals. Studies in humans and other mammals implicate the microbiome in a
range of physiologic processes vital to host health, making the gut microbiome an
active participant in host physiology. States of dysbiosis are characterised by
reduced diversity in the resident microbiota. [31] The fungal microbiome, the
mycobiome, is beginning to gain recognition as a fundamental part of our
microbiome. Compared to bacterial communities, the human gut mycobiome is low
in diversity and dominated by yeast including Saccharomyces, Malassezia, and
Candida. [32] Another recent review discusses recent advances in sequencing
technologies and bioinformatics which have enabled new insights into the genomes
of our microbial symbionts, their functional capacities, and the interactions between
these microbes and their human host. Metabolic conversions of dietary components
and pharmaceuticals that take place in the human distal gut, as well as their
implications for human health are discussed. [33] The human distal gut is home to
a rich and dense microbial community with representatives of all three domains of
life which are intricately connected with our physiology and health. The combined
genomes of these microbes, collectively called the human microbiome, vastly
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expand the metabolic capacities of our own genome, allowing us to break down and
extract energy from dietary compounds that human enzymes cannot digest. The
main function of the mammalian gut microbiota is to assist with food digestion and
energy extraction, by degrading dietary components such as fibre and cellulose that
cannot be broken down and utilized by the host's functional capabilities alone. In
addition, microbial colonization of the gut educates the host's immune system and
helps to shape the correct development of anatomical structures in the intestinal tract.
Our gut microbes are basically small biochemical factories, expanding our body's
metabolic capacities many times.

Microbiome composition not only varies between individuals but also over time. A
person's individual gut microbiome composition appears to be relatively stable in
the absence of disease and dietary or lifestyle changes but can quickly and
dramatically respond to an altered diet, international travel, food poisoning, or
antibiotic use. The fast response of the gut microbiome to such changes is thought
to be the result of the rapid growth rate of many bacterial species and the regular
large expulsion of gut contents. In addition to these rapid temporal responses, age
has been shown to affect the composition of the gut microbiome as well, albeit at a
much slower rate. While human enzymes in the small intestine break down most
dietary ingredients such as proteins, starch and fatty acids into absorbable smaller
molecules, such as amino acids, and monosaccharides, not all molecules present in
the diet can be digested in this part of the gastrointestinal tract. The human genome
does not encode for enzymes that break down complex proteins and complex
carbohydrates, that is, fibres and other plant-derived polysaccharides. These
molecules will therefore reach the colon largely intact, where they can be digested
by the gut microbiome. The most important function of the human microbiome in
the distal gut is to extract energy from these otherwise indigestible dietary

components.
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The cytoskeleton, intercellular tight junctions and protein kinase C, provide a
paracellular pathway between intestinal epithelial cells that permits the bidirectional
passage of various substances and bacteria, and also plays a role in antigen sampling
and presentation. [5] [34] (Figure 1) Bacteria can also penetrate intestinal epithelial
cells by a mechanism similar to phagocytosis, the transcellular pathway. [6, 35]

(Figure 1)

EPITHELIAL CELL ‘

TIGHT JUNCTION
PROTEINS

TRANSCELLULAR PATHWAY

PARACELLULAR PATHWAY

Figure 1.

Schematic diagram to demonstrate paracellular and transcellular absorption

pathways across intestinal epithelial cells.

Other features also limit the entry of noxious substances. For example, goblet cells
secrete mucus and crypt cells secrete chloride-rich fluid, [36] which help prevent
toxins from adhering to surface receptors, reducing transfer across the epithelial
barrier and assisting toxin removal with gastrointestinal motility and chemotactic

activity. [5] Gastric acid is bactericidal while pancreatic enzymes can damage
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bacterial cell walls. [37] Immunoglobulin A (IgA) is also secreted into the gut and
binds foreign antigens in the gut lumen, as well as those that have penetrated
epithelial cell walls. The immunoglobulin-antigen complex is transported through
the cell cytoplasm; it is then excreted into the gut lumen and eliminated. [5]
Defensins, anti-microbial peptides produced by Paneth cells, are also directly toxic
and cause disruption of bacterial cell membranes. Mediators such as nitric oxide
have also been shown to regulate epithelial permeability. [38] M cells are specialised
epithelial cells of the follicle-associated epithelium of the gastrointestinal tract. They
have a high capacity for transcytosis of a wide range of microorganisms and
macromolecules. They are believed to act as an antigen sampling system with rapid
uptake and presentation of particular antigens and microorganisms to the immune
cells of the lymphoid follicle leading to induction of an effective immune response.
The resulting immune processes result in lymphocyte migration and allow for a line

of defence against invading organisms that breach the epithelium. [5] [39]
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1.3 Altered Intestinal Permeability

Proposed mechanisms of increased intestinal permeability include: mucosal
ischaemia; ischaemia-reperfusion injury; impaired immune defences; and changes
in the intestinal microbial population leading to bacterial overgrowth. Intracellular
mechanisms including signal transduction; cellular signalling or adhesion molecule
expression on endothelial and epithelial cells, may also be involved. [7]

The most common and earliest organ to fail in severe acute pancreatitis is the lungs,
but the exact pathophysiological mechanisms underlying the disease are still unclear.
In experimental studies, interruption of mesenteric lymphatic flow has preventive
gualities for acute lung injury in the setting of critical illness with various
aetiologies. Experimentally, diversion of mesenteric lymph is able to prevent acute
lung injury if done before its development, whereas a later intervention partially
reduces the lung damage. Thus, experimental evidence implicates mesenteric lymph
as a primary route for toxic factors to gain entry into the circulation. Interruption of
this flow is able to prevent acute lung injury in critical illness. [40] Morphological
changes have also been demonstrated to correlate with intestinal permeability
alterations. [41] Processes that lead to oxidant stress cause damage to the epithelial
cell cytoskeletons that regulate tight junctions. [5] Non-steroidal anti-inflammatory
drugs and tacrolimus have been demonstrated to cause this form of damage. [42, 43]
Cellular energy deprivation and related processes play a role in diseases associated
with bowel injury or increased permeation. [5] The gut’s vulnerability to hypoxia is
related to the villi’s microvascular network, which functions as a countercurrent
exchanger between the arteriolar and venular endings, causing reduced oxygen
tension at the villus tip. [6]

Luminal material crosses the epithelial sheet via transcellular or paracellular
pathways. Tight junctions between adjacent epithelial cells are the rate-limiting
factor regulating paracellular permeability. [44] Disorganisation or damage to tight
junctions results in disruption of the intestinal barrier and increased paracellular
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permeability. [45] Relaxation of tight junctions by protein kinase C activation
increases solute flow across the junctions and epithelium by decreasing resistance.
[34] A very recent study of patients with acute pancreatitis who underwent duodenal
biopsies to measure the expression of tight junction proteins (claudin-2 and claudin-
4) alongside lactulose-mannitol ratios, confirmed an increase in intestinal
permeability in acute pancreatitis and demonstrated a reduction in claudin-4
expression. [46]

Infection with microbes results in upregulated expression of immunoregulatory
genes in epithelial cells with increased production of pro-inflammatory cytokines or
inadequate synthesis of anti-inflammatory cytokines. [5] [27] Intestinal epithelia
bear functional receptors for a number of diverse cytokines including: IFN-y, IL-2,
IL-4, IL-10, IL-13, TNF-a, TGF-B, and hepatocyte growth factor. [47] TGF-p and
IL-10 are thought to prevent or reverse impaired intestinal permeability. [27, 48]
The cytokines cause changes in nitric oxide production, which results in relaxation
of the cytoskeleton or oxidation / nitration of cytoskeletal proteins leading to
increased antigen sampling. [49] [5] Nitric oxide may adversely contribute to
cellular permeability in inflammatory conditions, by the formation of peroxynitrate,
which causes DNA damage and activates poly ADP-ribose synthetase, which uses
ATP. Both factors result in increased permeation. [50] Increased nitric oxide
production in response to bacterial infection increases apoptosis. [28] A study
involving rats challenged with lipopolysaccharide demonstrated that excessive
production of nitric oxide contributed to increased gut mucosal permeability. [51]
Cytokine-induced intestinal epithelial hyperpermeability is mediated by nitric oxide
and interferon-y, TNF-ae and IL-1p act synergistically to induce nitric oxide synthase
expression. [52] IL-13 and IL-4 have also been shown to demonstrate an increase in
paracellular permeability. [47] TNF-a lowers the transepithelial resistance between
tight junctions leading to increased flow of solute between cells and across the

epithelium. [34] The effects of TNF-a are enhanced by IFN-y. [53]
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1.4 Epithelial Cell Shedding

The small intestinal epithelium is in constant homeostasis with continuous villus cell
shedding and crypt cell replacement. [20] [21] The equilibrium between the rate of
apoptosis and shedding of epithelial cells at the villus tip, and the generation of new
cells in the crypt, is key to maintaining tissue homeostasis. [26] Shedding of
intestinal epithelial cells (IECs) from the epithelial monolayer with lack of closure
may result in the formation of transient gaps or micro-erosions within the epithelial
barrier and this may result in increased intestinal permeability. Interestingly, small
intestinal epithelial cells are known to have the highest turnover of any fixed cell
population in the human body, with complete renewal occurring every 2 to 6 days.
[54] Cell division in the crypt results in a continuous supply of epithelial cells. These
epithelial cells undergo apoptosis on reaching the villus tip, or extrusion zone, and
are shed into the lumen. [55] Several mechanisms for this process have been
proposed. Most involve complex alterations in tight junction proteins and
cytoplasmic processes underneath the shedding cell. Studies examining these
processes have used techniques such as electron microscopy and confocal
microscopy. [56] [57]

Creamer et al. confirmed the rapid turnover of intestinal epithelial cells in mice. [20]
The mechanism of cell shedding remains controversial, though apoptosis has been
suggested to occur. The life cycle of an intestinal epithelial cell is terminated by
apoptosis and/or cell shedding. Apoptosis is initiated and cells finally lose anchorage
and are shed into the lumen. They also lose their contact with the extracellular
matrix. The mechanism of cell shedding is important as abundant cell shedding must
be achieved without loss of intestinal barrier function. An impermeable substance
has been found to plug the epithelial discontinuities that arise on the villus as a
consequence of cell shedding, resulting in 3% of surface area having gaps near the
villus tip. Gaps contain no cellular material, but are filled with a substance that
maintains the epithelial barrier, despite discontinuities being present in the cellular
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layer. The source and composition of this “plugging” substance is unknown, but it
could be secreted by neighbouring epithelial cells, myofibroblasts, or the shed
epithelial cells themselves. [58] Watson et al. emphasised that the intestinal barrier
is sustained despite the high rate of cellular turnover in the epithelium. [21] Whilst
investigating cell shedding and intestinal barrier function in mice, they demonstrated
the presence of occasional gaps in the villus epithelium. Shed cells were largely
intact, with limited evidence of caspase activity or apoptosis. [21] Cell shedding and
gap formation were shown to increase in mice which had been injected
intraperitoneally with TNF-a. The increased cell shedding following this treatment
correlated with loss of integrity of gut barrier function. [22] Mice injected with
lipopolysaccharide (LPS) also demonstrated epithelial cell shedding, endotoxaemia
and subsequent intestinal leaks through gaps or paracellular spaces. Although
systemic LPS administration significantly increased the leaks in gaps and
paracellular spaces, it did not change the percentage of leaks in gaps and paracellular
spaces compared with the control group. [59] [25]

In both localised and systemic inflammation, homeostasis may be disturbed as a
result of pathological IEC shedding. The increase in epithelial cell shedding and
resultant epithelial gaps have been reported in some gastrointestinal disorders due to
the high turnover of shedding epithelial cells. [22] In mice injected with TNF-a,
increased cell shedding has been shown to correlate with loss of intestinal barrier
function. [22, 25] Pathological epithelial cell shedding refers to the increased rate of
villus epithelial cell apoptosis and extrusion that is observed in several disease states.

[26]

1.41 Diamine Oxidase

Diamine oxidase (DAO), formerly called histaminase, is found in various tissues,
but is especially active in the intestinal mucosa. Its function is the oxidative
deamination of several polyamines, essential substances for cell proliferation, and it
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is a regulating enzyme in rapidly proliferating tissues such as the intestinal mucosa.
DAO is normally present in very small amounts in the circulation and its basal
plasma levels are positively correlated with the maturity and integrity of the
intestinal mucosa. [60]

A study in China showed that a traditional drug, berberine, attenuated intestinal
barrier function in an animal model of acute pancreatitis. Serum DAO activity and
endotoxin levels were observed to be higher in the severe acute pancreatitis group
than those in the Sham group and berberine pre-treatment was shown to significantly
decrease serum DAO activity and endotoxin levels compared with levels in the
severe acute pancreatitis group. Berberine treatment caused no significant effect on
pancreatic histology, but ameliorated the intestinal mucosal barrier damage and
membrane permeability that were associated with severe acute pancreatitis(SAP), as
measured by serum DAOQO. This study showed that berberine may be associated with
the inhibition of SAP-induced upregulation of myosin light chain measurements.
The results from this study may lead to biased interpretation since pre-treatment in
itself is likely to have resulted in amelioration of severity and resultant phemonena.
A Chinese group studying the differences in the effect of enteral versus parenteral
nutrition in severe acute pancreatitis also assessed gut barrier function by means of
plasma DAO concentration, serum endotoxin, and urinary lactulose mannitol ratios.
[61] Further clinical studies have also reported DAO as a serum marker for the same
purpose. [62] [63]

Thus, DAO is a well-recognised non-invasive biomarker of gut barrier dysfunction.
It is easy to measure in serum and multiple reports of its use in this context have

been noted in experimental models and human conditions.
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1.5 Acute Pancreatitis

The pancreas is a glandular organ which has both exocrine and endocrine functions,
the latter within the pancreatic islets or islets of Langerhans and the former from
acinar cells which form clusters, and are arranged in lobes separated by a thin fibrous
barrier. The secretory cells of each acinus surround a small intercalated duct.
Because of their secretory function, these cells contain many small granules of
zymogens that are microscopically visible.

Acute pancreatitis results from acute inflammation of the pancreas and is sometimes
associated with a systemic inflammatory response that can impair the function of
other organs or systems. There is a wide spectrum of disease from mild (80%), where
patients recover within a few days, to severe (20%) in which patients often have
prolonged hospital stays and need critical care support. The diagnosis of severe
acute pancreatitis depends on the presence of persistent organ failure (>48 hours)
and the presence of local complications which usually become apparent later in the
course of disease. [64] The two main classification systems used to stratify the
severity of acute pancreatitis include the Atlanta Classification and the Determinant
Based Classification. [65] [66] The latter enables classification into four categories:
mild, moderate, severe and critical based on similar criteria to the Atlanta
Classification with respect to the presence of transient or persistent organ failure and
the presence of necrosis, sterile or infected. Opinions vary as to the efficacy of the
two with comparison studies reporting summaries that both perform equally. [67]
[68] The aetiology of acute pancreatitis is varied. The commonest causes in Western
society are gallstones (50%) and alcohol (25%). Rarer causes (<5% each) include
drugs, endoscopic retrograde cholangiopancreatography (ERCP),
hypertriglyceridaemia, hypercalcaemia, pancreas divisum, and some viral
infections. About 10% of patients have idiopathic pancreatitis, where no cause is
identified. The disease remains a clinical challenge due to limited understanding of
its pathogenesis and multi-causality. It occurs in ~50/100,000 of the population, and
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when it is severe (1 in 5 patients), it can result in local necrosis that contributes to
multi-organ failure, and this is associated with mortality between 20-30%. [69]
Acute pancreatitis is diagnosed by the presence of two out of three of the following
clinical criteria: a clinical history of abdominal pain in keeping with acute
pancreatitis; increased serum amylase activity greater than three times the upper
limit of normal; radiological changes in keeping with pancreatic inflammation. [66]
The spectrum of disease extends from a mild oedematous-interstitial inflammation
to severe necrotising acute pancreatitis with systemic complications developing in
20-25% of affected individuals. [70] [71]

Indeed, early stratification of disease severity improves clinical outcomes and
significantly reduces the length of hospital stay. [72] Improvements in imaging, such
as computerised tomographic (CT) scans, have not proven superior to clinical scoring
systems in early prediction of acute pancreatitis severity. [73, 74] Patients who have
local complications and organ failure have a high risk of mortality and should be
managed in a specialist centre or a high dependency or intensive care setting. [65]
Computed tomography should be performed 3-4 days after admission in patients
with persistent systemic inflammatory response syndrome or organ failure to look
for local complications.

Markers of the systemic inflammatory response syndrome help to identify those
patients who may develop persistent organ failure as per the determinant based
classification. [75] [76] There are several different predictive scoring systems for
disease severity based on physiological variables or single biochemical markers, but
none has shown clear superiority. A recently published review reported a summary
of the multiple acute pancreatitis scoring systems and the use of different imaging
methods to predict disease severity: Ranson criteria, Glasgow criteria, Hong Kong
Score, Acute Physiology and Chronic Health Evaluation 11 (APACHE 1), computed
tomography scoring systems, Bedside Index of Severity in Acute Pancreatitis
(BISAP) score, Japanese Severity Score (JSS), Harmless Acute Pancreatitis Score
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(HAPS), Pancreatitis Outcome Prediction (POP), Sequential Organ Failure
Assessment (SOFA). CRP should also be included in this list of disease severity
markers since it is actually the most effective, readily and easily available test which
correlates well with disease severity. This article also described the Revised Atlanta
Classification of acute pancreatitis (2012) and the correlation with computed
tomography. [77] It is important to appreciate that these predictors of severity are
based on clinical parameters, usually around the time of disease onset and do not
allow us to assess prognosis. The assessment enables the appropriate triaging of
patients and identification of those requiring higher level care. The Ranson Score is
rarely utilised in the UK as the scoring includes the assessment of blood urea
nitrogen which is a routine test in American practice, but not in British medicine.
Glasgow criteria more favourable in the latter but again is an assessment formulated
at the time of initial assessment.

A large number of clinical biomarkers for acute pancreatitis severity have been
investigated over the last two decades. These include routine biomarkers, (including
creatinine and haematocrit) [78] [73, 78-81] pancreas-specific enzymes, (such as
amylase, lipase, trypsinogen) [80-83], acute phase proteins such as C-reactive protein
(CRP) and procalcitonin, [80, 81, 84], various cytokines (including I1L-6; IL-8; IL-10;
IL-12; IL-15, IL-17 and TNF-a) [80, 81] immunological components (such as
phospholipase A and polymorphonuclear elastase), [81] transcriptomics, [85]
proteomics, [86] and others (amyloid-A, carboxypeptidase B activating peptide and
blood urea nitrogen). [81] A meta-analysis of 6 studies looked at the value of
carboxypeptidase-B activation peptide (CAPAP) in predicting severity of acute
pancreatitis on admission. Both serum and urinary CAPAP have the potential to act
as a stratification marker on admission in predicting severity of acute pancreatitis.
[83] However, none of these have yet been implemented in clinical practice due

primarily to the cost implications involved.
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Thus, the pathophysiology of pancreatitis incorporates both the localized destruction
in the pancreas and the systemic inflammatory response that is postulated to be a
result of premature activation of trypsinogen to trypsin within the acinar cell.
Various causes for this have been proposed and in turn, it is suggested that further
enzyme activation occurs, leading to localized tissue damage and release of Damage
Associated Molecular Patterns (DAMPS). The release of DAMPS causes recruitment
of neutrophils and initiation of the inflammatory cascade. This inflammatory
cascade is what is thought to be responsible for the systemic manifestations of acute
pancreatitis and can ultimately lead to increase capillary permeability and damage
of endothelium with microvascular thrombosis that causes multiorgan dysfunction
syndrome (MODS), the main cause of morbidity and mortality in acute pancreatitis.
[87]

Overall mortality rates in acute pancreatitis are cited to be between 2 and 6% in
recent studies. [87, 88] Pancreatic necrosis leads to multiple organ dysfunction
syndrome at a later stage in the disease process, [89] although this can also occur
without the presence of pancreatic necrosis and often earlier. [90] A diagnosis of
severe acute pancreatitis warrants admission to a critical care unit with careful
supportive therapy, as treatment modalities remain limited. [69] Patients suffering
from complications of infected pancreatic necrosis should be considered for early
intervention. [70] Biomarkers are imprecise and despite multiple clinical trials over
the last 40 years, there is no effective specific drug treatment for acute pancreatitis
[91]. Microbial infection plays a key role in the pathogenesis, severity, outcome and
prognosis of acute pancreatitis. Despite positive results with antibiotics in the past,
recent trials have failed to confirm a role for antimicrobial prophylaxis, although
antibiotic treatment using carbapenems or quinolones is still suggested by some
clinicians for patients who have severe acute pancreatitis at admission. [92] Acute
pancreatitis therefore remains a clinical challenge for surgeons, physicians and
intensivists. Identification of severe disease is central to optimisation of treatment,
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but remains a controversial clinical assessment. Clinical signs, biochemical markers,
imaging methods and complex scoring systems are used in clinical practice to make
the distinction between mild and severe acute pancreatitis. Many novel parameters
have been investigated including interleukin-6 (IL-6) in early severity stratification
and macrophage migration inhibitory factor as a marker of pancreatic necrosis. [69,
71] With evidence of the effectiveness of IL-6 rising, its surrogate marker CRP
inevitably acts as an excellent alternative that is cheap to perform and readily
available. Specificity remains questionable, hence the lack of consensus regarding
the most effective tool, and also there is a delay in the secondary rise in CRP after
the initial IL-6 response. Necrotising pancreatitis is suspected when systemic
inflammation persists for over a week after the onset of pancreatitis. Intervention is
not recommended for at least 14 days after the onset of symptoms and patients
should only be managed in specialist units by expert teams.

More generally, the treatment of acute pancreatitis is limited to intravenous fluids
and symptomatic management of pain and vomiting when the disease course is mild
to moderate. In the more severe or critical courses, often there is a SIRS response
with multi organ failure and intensive care support is warranted. Enteral nutrition by
means of oral intake is recommended and encouraged as soon as it is feasible. [93]
In cases of severe acute pancreatitis, where this is not an option, nasogastric feeding
has been shown to be adequate, without the need for nasojejunal intubation. [94-96]
The benefit of antibiotic therapy is questionable as previously discussed. [97] After
resolution of severe acute pancreatitis, it is important to identify and treat the
underlying cause of the episode and encouragement of alcohol cessation has been

shown to be beneficial. [98]

1.5.1 Gut barrier dysfunction and bacterial translocation in acute pancreatitis
In severe acute pancreatitis, Gram-negative organisms infect pancreatic necrosis and
intra-abdominal collections, and this results in a threefold increase in mortality.
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Systemic Inflammatory Response Syndrome (SIRS) is commonly associated with
morbidity, and mortality and results from a reaction to proteases, cytokines and other
vasoactive mediators which are released at disease onset. [69, 70] SIRS must be
differentiated from sepsis, since there is often no infective source and blood cultures
are negative. The systemic reaction however involves a rise or fall in core
temperature, tachycardia, tachypnoea and a rise in white cell count. A study of
patients who had severe acute pancreatitis identified that an increase in intestinal
permeability and higher endotoxaemia predicted poorer outcomes in patients who
experienced complications. [99] Intestinal permeability, and serum concentrations
of IL-6, TNF-a, and endotoxin were also reported to be significantly higher in
patients with acute pancreatitis who had a high Balthazar CT severity index,
indicating that these parameters are associated with severe acute pancreatitis and
serious complications, and suggesting that they may potentially be reliable markers
for predicting the prognosis of acute pancreatitis. [100]

Potential mechanisms for the loss of intestinal barrier function that is observed in
acute pancreatitis include reduced intestinal perfusion [101] and/or reperfusion
injury following initial resuscitation, [102-105] increased intestinal epithelial
apoptosis secondary to circulating cytokines [106] or loss of trophic luminal
enzymes. [10] Furthermore, reduced intestinal motility can lead to alterations in
intestinal microflora with overgrowth of Gram negative bacteria, [41] which further
contributes to local inflammation and mucosal injury. [104, 107] A review of studies
demonstrated that immunological, bacteriological and morphological components
seem to interact and depend on each other, further highlighting the complexities of
the mechanisms underlying loss of intestinal barrier function in acute pancreatitis.
[108] Figure 3 demonstrates the multiple factors and time duration involved in the

progression of acute pancreatitis.
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Figure 3. A representation of progression of Acute Pancreatitis.
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Table 1. Gut permeability in experimental acute pancreatitis

Study Model Species | Therapeutic factors IP tested Findings
Liuetal Sodium taurocholate | Rats Human recombinant EGF e Minimised intestinal mucosa injury induced by AP
(1997) (3%, 1 ml/kg, i.d.) (100 pg/kg, s.c.) 30 mins Bacterial Translocation  Reduced BT to blood, MLN, pancreas, spleen and liver
[109] and trypsin (3000 after operation twice daily
1U/kg, i.d.) for two days
Kouris et | Sodium taurocholate | Rats GLP-2 analog ALX-0600 o Reduced ileum transepithelial resistance
al (2001) | (3%, 1 mi/kg, i.d.) (0.1 mg/kg, s.g.) 10 mins Transepithelial electrical o Reduced BT to MLN, pancreas and peritoneum
[110] and trypsin (3000 after operation twice daily resistance of the terminal ileum « No significant effects on intestinal histopathology
1U/kg, i.d.) for 3 days and BT e No significant effects on pancreatic histopathology
Sunetal Sodium taurocholate | Rats None o Increased gut permeability
(2001) (5%, 1 ml/kg, i.d.) Plasma D-lactate and endotoxin
[111] and trypsin (1.67 x
10° U/kg, i.d.)
Wang et Sodium taurocholate Human recombinant GH o Down-regulated intestinal epithelial cell apoptosis
al (2002) | (5%, 1.5 ml/kg, i.d.) | Rats (0.75 U/kg, s.c.) immediately | None
[112] after operation
Leveau et | Sodium PAF inhibitor lexipafant (5 Bilateral measurement of %|- o Improvement in intestinal barrier dysfunction in AP
al (2005) | taurodeoxycholate mg/kg, i.p.) 30 mins and 6 h labeled human serum albumin o Reduction of intestinal IL-1 levels and local leukocyte recruitment
[113] (5%, 0.2 ml, i.d.) Rats after operation from blood to intestinal lumen
Alhan et Caerulein (5 pg/kgrh o Reduced gut permeability
al (2006) | for6h,i.v.), + ®-3FA* (0.8 ml/kg/h, i.v.) 24 h excretion of urine phenol o Reduced BT to pancreas, liver and spleen
[114] Glycodeox. acid (10 | Rats and saline (5.2 ml/kg/h, i.v.) sulfophthalein and BT  Reduced pancreatic and lung inflammation
mM, 1.2 ml/kg, i.d.) for42 h o Reduced mortality
Yasuda Sodium o Locked intestinal mucosa caspase-3 activation
etal deoxycholate (3%, Caspase inhibitor Z-VAD- Leaked amount of FITC- o Reduced intestinal permeability and improved intestinal mucosa histopathology
(2007) 0.1ml,id.) fmk (500 pg/rat, i.p.) during dextran outside of the intestinal o No reduction in BT but reduced serum endotoxin levels
[115] Rats induction of disease pouch, endotoxin and BT « No significant effect on pancreatic histopathology
Luan et Sodium taurocholate EP (40 mg/kg, i.v.) 24 h after o Down-regulated intestinal mucosa HMGB1
al (2010) | (5%, 1.5 ml/kg, i.d.) disease induction, every 6 h Plasma DAO and endotoxin o Reduced plasma amylase, endotoxin, DAO and activity of intestinal mucosa MPO
[116] Rats for 24 h o Reduced plasma amylase and pancreatic histopathology
Zhang et | Sodium taurocholate Danshen (10 ml, 15 g/rat, o Reduced intestinal mucosa apoptosis and NF-kB activation in the treatment group
al (2010) | (3.5%, 1 ml/kg, i.d.) | Rats i.p.) 15 mins after disease None
[117] induction, i.p.
Zou etal | Sodium taurocholate o Decreased gut permeability, serum endotoxin and BT
(2010) (5%, 1 ml/kg, i.d.) Pigs Enteral immunonutrition 24 h | L/M, serum endotoxin and BT o Improved intestinal mucosa histopathology
[118] and trypsin (7500 after disease induction™ « No significant effects on pancreatic histopathology
BAEF units/ml, i.d.)
Luetal Evans blue assay for intestinal o Reduced intestinal capillary leakage was observed
(2011) Rats capillary leakage e Decreased elevated intestinal VASP and MMP-9
[119]
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Zhongkai
etal

Sodium taurocholate
(2%, 1 ml/kg, i.d.)

Serum endotoxin levels decreased in the treatment group

Intestinal mucosa mRNA levels of TNF-a, IL-6 and IL-10, and TLR4 expression were

(2012) Rats VIP (5 nmol, i.p.) 5 mins Serum endotoxin reduced in the treatment group
[120] after disease induction o Improved intestinal mucosa histopathology
Chen et Sodium taurocholate GLP-2 (0.1 mg/kg) o Serum DAO was decreased
al (2012) | (3%, 1 ml/kg, i.d.) immediately after operation o Intestinal epithelial cell apoptosis was partly prevented
[121] Rats twice a day for 3 days, i.p. Serum DAO activity o Reduced histopathological score of ileal mucosa
Dang et Sodium taurocholate TREM-1 inhibitor LP17 (1.0 o Reduced gut permeability
al (2012) | (5%, 1 ml/kg, i.d.) mg, i.v.), just before disease o Reduced levels of serum DAO and D-lactose and BT
[122] Rats induction LM e Reduced intestinal TREM-1, TNF-0, and IL-1f mRNA
Luetal Sodium taurocholate Saizen (0.15 IU/kg, s.c.) 1 h o Serum D-lactate was significantly lower
(2013) (1 ml/kg, 5%) after disease induction and ¢ Reduced intestinal mucosa epithelial cell apoptosis
[123] Rabbits | 24 h later after the first Serum D-lactate e Improved intestinal mucosa histopathology
injeCtiOn; Stilamin (35 ° |mproved morta"ty
pg/kg/h, i.v.) 1 h after
disease induction for 48 h
Lietal Sodium taurocholate Infliximab (8 mg/kg, i.v.); or o Significantly reduced serum amylase, DAO and D-lactate;
(2013) (5%, 0.2 ml, i.d.) infliximab (8 mg/kg) and o Improved intestinal motility and reduced intestinal injury
[124] Rats octreotide (10 pg/kg, i.v.), at | Serum DAO and D-lactate « Combination of infliximab and octreotide had better effects than infliximab
6 h after modelling
Tianetal | Caerulein (50 o Increased serum amylase, TNF-o and DAO
(2013) pg/kg/h x 6, i.p.) Mice None Serum DAO « Increased oxidative stress markers in gut mucosa
[125] followed by LPS (10 o Increased gut mucosa apoptosis
mg/kg, i.p.)
Hanetal | Sodium taurocholate o Reduced severity of pancreatic histopathology
(2013) (3.8%, 1 ml/kg, i.d. Rats PN; EN; EN + GIn; PN + GIn | None ¢ Reduced intestinal epithelial apoptosis
[126] via pancreatic tail)
Lietal Sodium taurocholate o |AP was 2-3 times higher than the control group
(2013) (4.5%, 1 ml/kg, i.d.) | Rats None None o Amylase, TNF-q, creatinine, bilirubin, DAO and D-lactate gradually increased over time
[127]
Sunetal Sodium taurocholate e Serum and ileum DAO were significantly reduced
(2013) (1 ml/kg, 4 %), i.d. Melatonin (50 mg/kg, i.v.) 30 | BT (Bacterial DNA) e E. Coli DNA was lower in the treatment group
[128] Rats mins before modelling o Mortality lower (21.43% vs 55.56%)
Shen et Continuous blood Intestinal occludin and ZO-1 o Intestinal permeability was reduced
al (2013) Rats purification levels o Intestinal proteins occludin and ZO-1 were decreased
[129]
Tianetal | Caerulein (50 o Increased serum amylase, TNF-a and DAO;
(2013) ua/kg/h x 6, i.p.) Serum DAO, Z0-1, E-cadherin o Over-expressed miR-155
[130] followed by LPS (10 | Mice None o Under-expressed proteins of RhoA, ZO-1 and E-cadherin
mg/kg, i.p.)
Liang et Sodium taurocholate Serum endotoxin, DAO, D- o Gut permeability increased over time and it was correlated with taurocholate dose
al (2014) | (1 ml/kg, 2.5 or Rats None lactate and BT o Intestinal mucosal injury correlated taurocholate dose
[131] 5%), i.d.
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Tuetal Sodium taurocholate o Reduced gut permeability
(2014) (1 ml/kg) Rats MSCs were injected via the Serum DAO o Decreased intestinal mucosa histopathology score
[132] dorsal penile vein 1 h later o Reduced systemic inflammation
Tang et Sodium taurocholate | Rats Berberine 50mg/kg in 1ml Serum DAO, ET, Z0O-1, ¢ No significant changes to histology
al (2014) | (1 ml/kg, 3%) N/Saline / 200g body weight | occludin mRNA, Bacterial o Decrease in serum DAO and ET
[133] i.g. od for 5 days culture of MLNs « Decrease in bacterial translocation
e No influence on ZO-1 and occludin mRNA expression in SAP
Deitch et | Sodium taurocholate | Ratsand| None Plasma FD-4 (fluorinated e The intestinal mucus layer is lost after AP
al (2014) | (5%, 1 ml/kg, i.d.) Mice Dextran) further to intraluminal | e Loss of unstirred mucus layer is associated with:
[134] with simultaneous ileal injection, Villi injury and o gut barrier failure;
intraperitoneal mucus coverage, mucus protein | o with ROS- and RNI- mediated structural changes to the mucus layer
deposition of carbonyl and nitrated tyrosine o occurring before microscopic morphological evidence of damage to the underlying mucosa
Caerulein. residues
Lingetal | Sodium taurocholate | Rats None Cultured epithelial cells were o In SAP, Intestinal villi showed oedema, atrophy, necrosis and shedding of IEC
(2014) (0.5% for mild AP; infected with aSNAP shRNA e IP in rats with AP increased significantly
[135] 3.8% for severe AP) Cell apoptosis by flow e Increased TNF-a and endotoxin in SAP
cytometry- Occludin o Down-regulated expression of aSNAP and IEC occluding in SAP
Machado | Sodium taurocholate | Rats None COX-2 and TJ protein and gene | e Significantly higher number of bacterial colonies in pancreas of elderly
etal into biliopancreatic expression o Intestinal damage in AP is exacerbated by aging
(2016) duct e Increase in bacterial colonies was associated with a more severe intestinal inflammatory
[136] response, associated increase in expression of COX-2 and decrease in TJ proteins
e COX-2 inhibition could potentially be a therapeutic target in the elderly
Feng et Caerulein (50 Rats Dachenggi Decoction Serum amylase, TNF-a, IL-1f, e DCQD can reduce capillary endothelial damage in acute pancreatitis-associated intestinal
al (2018) | pa/kg/h x 4,i.p.) (DCQD) IL-2, and IL-6 by ELISA injury and the mechanism may be associated with the regulation of endothelial barrier
followed by LPS Intestinal tissue by histology function-associated proteins AQP-1, MMP9, and JAM-C
(7.5 mg/kg x 2, i.p.) Capillary permeability by o DCQD attenuated SAP intestinal injury and lowered the levels of serum amylase, TNF-a,
Evans blue extravasation assay IL-1p, IL-2, and IL-6 effectively[137]
AQP-1, MMP9, and JAM-C
Bai et al 5% sodium Rats Dai-Huang-Fu-Zi-Tang o DHFZT inhibited the openness of the mitochondrial permeability transition pore (MPTP)
(2017) taurocholate (DHFZT) o It reduced the contents of serum D-lactic acid and activity of diamine oxidase activity
[138] injection (1ml/kg o It relieved histopathological manifestations and epithelial cells injury of intestine
body mass) i.d.
Caoetal | Sodium taurocholate | Rats Free total rhubarb ET, IL-1B, TNF-a, and NO in | e Decreased levels of ET, IL-1B, TNF-a, and NO in the blood and TNF-a, IL-1p, and protein
(2018) (350 mg/kg, 3.5 %), anthraquinones (FTRASs) (36 | the blood and TNF-o, IL-1pB in extravasation in the intestinal tissues in SAP rats
[139] id / 72 mg/kg) 12 hours later the intestinal tissues e FTRAs could protect intestinal injury and improve intestinal mucosal barrier function

through regulating immune function of SAP rats
FTRAs may have the potential to be developed as the novel agent for the treatment of SAP
clinically
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Table 2. Summary of clinical studies evaluating intestinal permeability in severe acute pancreatitis

Authors Year Patient Classification | Key Methods Key Results Further Conclusions
Cohort Tool
Ammori et 1999 e 85 AP Atlanta o Urinary excretion ¢ Increased IP and endotoxaemia as o Gut barrier dysfunction plays a role
al [140] e 56 MAP Criteria of PEG-3350:PEG- AP severity increased and relative to in sepsis development, MOF and
e 29 SAP 400 controls resultant mortality
e 25 Controls e IP highest in SAP with MOF or death
Juvonen et 2000 | e 23 AP Atlanta e Lactulose / e Increased IP and decreased e Gut permeability increased in AP,
al [141] e 15 MAP Criteria Rhamnose test on absorption capacity in AP and increased further in SAP
e 8 SAP day 2 and on ¢ Findings exacerbated in SAP
¢ 20 Controls recovery ¢ All indices normalised during
recovery
McNaught 2002 | e« 59 AP Modified o Lactulose / o Colonisation with enteric bacteriain | e AP is associated with BT and gut
et al [142] e 24 SAP Glasgow Rhamnose test SAP origin sepsis
e 35 MAP Criteria e Culture of e Differences in IP were not seen
nasogastric aspirate
Rahmanet | 2003 | e 61 AP Atlanta e A strong correlation between IFABP | o IFABP is a marker of intestinal
al [101] e 19 SAP Criteria o Urinary excretion levels and gut macromolecular ischaemia
e 42 MAP of PEG-3350 and permeability e Loss of intestinal mucosal integrity
e 12 Controls PEG-400 ¢ IgM anti-endotoxin antibodies is related to SAP
decreased as IFABP levels increased
Ammori et 2003 e 60 AP Atlanta e PEG-3350 e Correlative increase in IP, e In AP, CTpr levels were reflective
al [143] e 48 MAP Criteria endotoxaemia and calcitonin of IP
e 12 SAP precursor (CTpr) levels as AP
severity increased
¢ Weak positive correlation between
CTpr and CRP levels
Rahman et 2003 | e 65 AP Atlanta e Urinary PEG e Urinary nitrite excretion correlated ¢ Endotoxaemia is central to the
al [7] e 20 SAP Criteria 3350/4000 ratio with increasing IP in AP, and with mechanism of septic complications
e 45 MAP endotoxaemia in SAP
¢ 20 Controls
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Penalva et 2004 | o 68AP Atlanta e Lactulose: e Increase in IP as severity of AP IP and inflammatory response may
al [144] e 51MAP Criteria Mannitol ratio on increased be independent of each other

e 17 SAP admission and day | e Increase in endotoxaemia as severity

e 13 Controls 15 and course increased

¢ No significant correlation with
cytokines

Nagpal etal | 2006 | e 52 AP Atlanta o Lactulose: e Increased IP in AP patients compared IP also increases with the time
[145] e 16 SAP Criteria Mannitol urinary with controls course of disease

e 30 MAP ratio on days 1, 4 e IP increased as AP severity increased

e 46 Controls and 7
Liuetal 2008 | e 68 AP Atlanta e Urinary lactulose: e Increase in IP early in AP and in Patients with severe mucosal
[104] e 18 SAP Criteria o Mannitol ratio correlation with severity and MOF dysfunction had a higher rate of

e 26 MAP ¢ Increase in IP correlated with septic complications

e 20 Controls increase in endotoxaemia and TNF-o
Pan et al 2010 e 32 AP Atlanta Criteria | e Urinary Lactulose: | e Increase in IP, CRP, IFABP as IFABP indicates gut dysfunction
[146] e 25 SAP Mannitol ratio severity of AP increased and predicts prognosis and clinical

e 7TMAP AP course
Amicucci et | 2016 e 63 AP Atlanta Criteria | e Lactulose: e Increase in intestinal barrier Severe AP can lead to systemic
al [147] e 21 SAP Mannitol ratio on dysfunction and endotoxaemia in endotoxaemia contributing to SIRS

e 42 MAP days0,1,3,7,9, SAP compared with MAP and MOF

and 11
Duetal 2017 o AP Continued e DAO, ET, Rho- e Increased levels of serum DAO, CBP can effectively improve intestinal
[148] e Controls Blood kinase, Protein F- endotoxin and intestinal epithelial mucosal barrier dysfunction
Purification monolayer permeability when compared The beneficial effect is associated with

actin and Claudin
1, TNFa

with normal controls

ROCK mRNA expression and serum
TNF-a level were increased

After CBP treatment, levels of serum
DAO, endotoxin and intestinal epithelial
monolayer permeability decreased

the improvement of cytoskeleton and
tight junction proteins
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One of the most serious consequences of gut barrier dysfunction is bacterial
translocation, or passage of viable indigenous bacteria from the mucosal surface to
extraintestinal sterile sites. Changes in intestinal flora, relative mucosal ischaemia
and impaired immune surveillance are all thought to contribute to this phenomenon.
[149] Most bacteria associated with pancreatic and peri-pancreatic infections are
indigenous enteric species, implicating the gut as their origin. [8, 41, 107, 150]
Indeed as early as 1976, a study by Holden et al. reported that the enteric organisms
E. coli and Klebsiella spp. were responsible for infections during acute pancreatitis.
[151] Suggested routes of spread include direct transmural migration to the
peritoneal cavity or retroperitoneum and pancreas; lymphatic spread;
haematogenous spread and transmission via contaminated bile. Indeed, recent
experimental reports have reported inactivation of antimicrobial agents by bile,
leading to colonisation of the biliary tree with enteric organisms, excretion in bile
and re-infection of the host via the entero-hepatic circulation. As well as contributing
significantly to morbidity and mortality in human disease, bacterial infection of
pancreatic and extra-pancreatic sites has been shown to increase disease severity,
morbidity and mortality in experimental models of acute pancreatitis. [152]
Experimental models and controlled clinical studies of acute pancreatitis also
provide ample evidence for an association between intestinal barrier dysfunction and
acute pancreatitis. Acute pancreatitis has been shown to lead to increased mucosal
permeability to macromolecules. [7, 153] Experimental acute pancreatitis in rodents
(rats and mice), induced by intraperitoneal caerulein or ductal infusion of
taurocholate is associated with increased ileal villus cell shedding, raised serum
endotoxin levels as well as E. coli DNA in postcaval blood.[127, 128, 130-132] (See
table 1) Apoptosis of gut epithelial cells has also been observed to increase during
experimental acute pancreatitis, thus contributing to increased mucosal permeability
to endotoxin and viable bacteria. [45, 106, 112, 154] Pancreatitis-associated ascitic
fluid has also been found to contain factors which accelerate the apoptosis of
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intestinal epithelial cells in culture, [45] a phenomenon mediated through caspase
activation. [115] Bacterial translocation itself has been reported in a number of
studies, [41, 155] and indeed it has been found to be increased following laparotomy
in humans, proposing a possible mechanism for the high mortality observed in
patients who undergo surgery for acute pancreatitis. [41, 156] Traditionally, open
necrosectomy was the only tool available for surgical treatment of pancreatic
necrosis. This was found to be associated with high mortality rates up to 40%. A
more recent study of a step-up approach in treatment and minimally invasive
necrosectomy, showed an overall mortality of 10.38%. [157] In a study of patients
undergoing open necrosectomy, more than a quarter were found to develop early
infection of pancreatic necrosis within the first week of illness. [158, 159] In an
analysis of long-term outcomes of trial participants, the step-up approach for
necrotizing pancreatitis was found to be superior to open necrosectomy, without
increased risk of reinterventions. [160] A published review of local practice
examined the outcomes from minimal access retroperitoneal pancreatic
necrosectomy and open pancreatic necrosectomy for severe necrotizing pancreatitis
in a single centre. Intensive care admission was required less frequently in the former
cohort and the mortality rate was reported as 15.3% compared with 23.3% in the
open necrosectomy group. Mortality and complication rates improved with time and
experience. [161]

A study detailed in Table 2, supported the theory of bacterial translocation and gut
origin of sepsis, but not that these factors resulted from intestinal barrier dysfunction.
[142] Reports of microcirculatory changes in the pancreas, colon, liver and lungs, at
different stages during severe acute pancreatitis also suggest that these contribute to
the multiple organ dysfunction syndrome in acute pancreatitis. [162] Fluid depletion
contributes to relative intestinal ischaemia and alters the pancreatic microcirculation,
increasing pancreatic ischaemia and exacerbating the systemic inflammatory
response syndrome (SIRS) leading to multisystem organ failure. [103] Ammori et
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al. conducted a clinical study involving examination of the terminal ileum of three
patients with severe acute necrotising pancreatitis who underwent pancreatic
debridement and ileocolic resection, and seven control patients. They demonstrated
significant atrophy of mucosal villi with reduction in mast cell numbers in patients
who had severe necrotising pancreatitis compared with controls, and this correlated
with an increase in intestinal permeability and bacterial translocation. [163]

There are, therefore, several experimental and clinical studies that have
demonstrated a clear association between the severity of acute pancreatitis and gut
barrier dysfunction (tables 1 and 2), together with a plausible biological mechanism

(bacterial translocation) that may lead to an exacerbation of the disease.

1.5.2 Effect of nutrition on gut barrier function in acute pancreatitis

Studies demonstrating a benefit of correcting gut barrier dysfunction mainly relate
to the use of enteral nutrition. The historical management of severe acute pancreatitis
involved allowing the pancreas and gut to rest as enteral nutrition (EN) was thought
to stimulate the production and release of pancreatic enzymes and further aggravate
retroperitoneal inflammation. [69] Extensive research has however recently shown
that enteral feeding is safe, [164] [165] [166] and even beneficial as it protects
against intestinal mucosal atrophy and bacterial translocation. [118] Prevention of
gastrointestinal dysfunction is based on the recovery and maintenance of mucosal
integrity, which requires adequate provision of oxygen and nutrients. [6] A
systematic review of eight trials reported that in patients with acute pancreatitis,
enteral nutrition significantly reduced mortality, multiple organ failure, systemic
infections, and the need for operative interventions compared to patients who
received total parenteral nutrition (TPN). [167] Kotani et al. similarly reported
significantly less bacterial translocation and a lower blood endotoxin concentration
in rodents treated with enteral nutrition rather than TPN. A difference in survival
was however not seen. [168] A randomised prospective trial of patients with severe
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acute pancreatitis who were treated with enteral nutrition demonstrated a reduction
in septic complications. [165] Windsor et al. reported a reduction in septic
complications, APACHE-II scores and CRP levels when patients were treated with
enteral nutrition as opposed to TPN. An increase in serum IgM anti-endotoxin
concentrations was found in the parenterally fed patients, but remained unchanged
in those who had been fed enterally. [166] Early enteral feeding through the
nasogastric route was found not to be inferior to the nasojejunal route in patients
with severe acute pancreatitis. [169] One study of patients with severe acute
pancreatitis who were treated with either enteral or parenteral nutrition, reached a
contradictory conclusion when no significant differences were found between the
two groups with respect to intestinal permeability, endotoxin levels or cytokine
responses. A greater number of overall complications with enteral nutrition was
however reported in this study. [170] A very recent published guideline for
intensivists looked at various uses of enteral nutrition in critically unwell patients
and concluded that they suggest using EN in patients with severe acute pancreatitis.
[171]

Combined nutritional therapy, consisting of enteral and parenteral nutrition, was
found not to reduce intestinal permeability, infection rates or mortality.
Hyperglycaemia and deranged liver enzymes also occurred more frequently. [172]
A recent published review reports that the goal of nutritional support in acute
pancreatitis is to reduce inflammation, prevent nutritional depletion, correct a
negative nitrogen balance, and improve outcomes. Nutrition maintains the integrity
of the gut barrier, decreases intestinal permeability, downregulates the systemic
inflammatory response, maintains intestinal microbiota equilibrium, and reduces the
complications of the early phase of SAP, improving morbidity and possibly
improving mortality. [173]

A study of 70 patients with severe acute pancreatitis randomly divided subjects into
two groups including a group of patients having parenteral nutrition and a group that
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had enteral nutrition. Changes in IP were subsequently assessed. Interestingly,
before the intervention, both groups had similar levels of serum endotoxin and
lactulose/mannitol ratios. One and two weeks after the intervention, the serum
endotoxin level and the lactulose/mannitol excretion rate of urine of the group with

PN were significantly higher than the group EN. [174]

1.5.3 Effect of fluid resuscitation on gut barrier function in acute pancreatitis

Fluid replacement is crucial in severe acute pancreatitis, as patients may develop a
vascular leak syndrome which results in hypovolaemia and hypotension that can in
turn lead to renal complications. Early fluid resuscitation is associated with a
reduced incidence of SIRS and organ failure at 72 hours. [103] A study comparing
the effects of different resuscitation fluids demonstrated that a combination of
normal saline, hydroxyethyl starch and glutamine was more efficient in resuscitating
patients with severe acute pancreatitis (SAP) (by relieving inflammation and
sustaining the intestinal barrier) than normal saline alone. [175] However, in a
separate study looking at the effect of glutamine on gut permeability, no significant
effect was identified with respect to inflammation, endotoxemia or infectious
complications in severe acute pancreatitis. [176] A recent review of AP substantiates
that the foundation of management remains early aggressive fluid resuscitation.
Lactated Ringer's solution is the recommended fluid. The fluid resuscitation is
monitored with a combination of blood urea nitrogen, haematocrit, and urine output,
monitoring every 4 to 6 hours in first 24 hours of resuscitation to adjust the fluid
rate. Continued non-response indicates a high likelihood of ensuing multi-organ

failure and is grounds for upgrading the level of care. [87]
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1.5.4 Effect of antibiotic therapy on gut barrier function in acute pancreatitis
Many clinicians have advocated the use of prophylactic antibiotic therapy in patients
with acute pancreatitis in whom there is necrosis or proven infection. [69] The
choice of antibiotic seems most frequently to be imipenem or a quinolone, due to
good pancreatic tissue penetration and a broad spectrum of activity against enteric
organisms. [177] In one study of patients who had severe acute pancreatitis, subjects
randomly received either standard therapy or selective decontamination with oral
amphotericin or norfloxacin. Pancreatic infection with necrosis and mortality were
significantly decreased in the treated group. [178]

Significant controversy remains with regards to antibiotic use however, and a
number of large multi-centre randomised, controlled trials have found no evidence
to support their use. The use of ciprofloxacin and metronidazole in patients with
pancreatic necrosis resulted in no differences in the rates of infected or systemic
complications, or mortality, in patients who received antibiotic prophylaxis
compared to those who did not. [179] A recent review confirmed no clinical benefit
or reduction in morbidity or mortality from administering prophylactic antibiotics to
patients who had severe acute pancreatitis. The use of antibiotics was however
recommended in patients who had severe acute pancreatitis and multi-organ failure
at admission; in patients with shock; for patients who developed acute respiratory
distress syndrome, pancreatic necrosis or clinical signs of sepsis during the course
of their disease; and for patients with positive cultures from any source. [92] False
negative blood cultures in septic patients make the latter more difficult. [180]

Early evidence from animal studies and a small placebo-controlled trial suggested
that probiotic prophylaxis stabilised intestinal barrier dysfunction, minimised
bacterial translocation and reduced infectious complications. [181] [182] A major
randomised placebo-controlled trial of probiotic prophylaxis in severe acute
pancreatitis however contradicted these findings and demonstrated a significant
increase in mortality associated with probiotic administration (due to small bowel
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ischaemia and jejunal necrosis), and showed no reduction in infection rates. [35] The
role of probiotics was also in the process of being evaluated in a smaller scale study,
but this trial was terminated prematurely due to the findings of the prior probiotic
trial. However, from the 50 patients who were included prior to termination, no
significant benefit of probiotics was seen on gut permeability or endotoxaemia in
acute pancreatitis. [183] Several recent reports have shown that probiotics can
reverse the leaky gut by enhancing the production of tight junction proteins;
however, additional and longer-term studies are still required. Conversely,
pathogenic bacteria that can facilitate a leaky gut and induce autoimmune symptoms
can be ameliorated with the use of antibiotic treatment. Therefore, it is hypothesized
that modulating the gut microbiota can serve as a potential method for regulating
intestinal permeability and may help to alter the course of autoimmune diseases in
susceptible individuals. [184]

Selective bacterial decontamination of the gut and early enteral feeding have
therefore failed to make a significant impact on the clinical course of severe acute
pancreatitis and do not appear to prevent bacterial translocation. [185]

Thus, on review of the evidence and with particular focus on the PROPATRIA trial,
probiotics are not recommended for use in patients with acute pancreatitis, though it
is arguable that an alteration of the gut bacterial load with ‘healthy bacteria’ should
enhance. The outcomes of the studies have to be considered carefully as the patients
affected are likely to have been acutely unwell individuals with multiple factors
contributing to morbidity and mortality and an element of chance may be

contributory to the reported outcomes.
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1.5.5 Effect of immunonutrition on gut barrier function in acute pancreatitis
Enterocytes are major consumers of glutamine as an energy source and the
exogenous administration of this amino acid is associated with increased villus
height and DNA content, improved intestinal perfusion and decreased bacterial
translocation. [6] [186] Arginine is an antecedent of nitric oxide and targets intestinal
blood vessels improving gut ischaemic conditions, restoring intestinal mucosal
integrity and also promoting immune function. [118] Zou et al. therefore
investigated the use of enteral immunonutrition (EIN) in experimental pancreatitis
in pigs, by adding glutamine and arginine to the conventional enteral feeding
regimen along with probiotics. [118] Pigs with severe acute pancreatitis which were
treated with TPN demonstrated clear changes in villus architecture and disruption of
the gut barrier. The villi of pigs which were treated with EN or EIN however showed
normal architecture. EIN was seen to improve villus height and mucosal thickness,
suggesting that it can prevent mucosal atrophy, extend absorptive capacity and
maintain villus integrity. [118] Those pigs which were treated with EN and EIN
showed a decrease in intestinal permeability after a plateau phase. This was
particularly enhanced in the EIN group. [118] A prospective, randomised clinical
trial has also demonstrated favourable responses following the administration of
EIN. The diet in this study included arginine, omega-3 fatty acid, and an RNA-
enriched enteral diet. [187] Qin et al. also reported positive outcomes related to gut
permeability and reduced septic complications with EIN. Their adjunctive treatment
was Lactobacillus plantarum, a bacterial species which has been documented to
have strong anti-inflammatory and immunomodulatory effects. [188]

EN therefore enhances intestinal perfusion, preserves mucosal mass and intestinal
microbial ecology, and has been shown to reduce septic morbidity in high-risk
patients. [189] Addition of immunonutritional factors seems to add significant

benefit. Its administration in patients with severe acute pancreatitis is safe and
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feasible, and has been shown to significantly reduce systemic inflammation and

septic complications. [107]

1.5.6 Potential therapeutic targets of gut barrier function in acute pancreatitis

Preservation or restoration of gut barrier function may have a beneficial effect on
sepsis related morbidity in acute pancreatitis and may reduce mortality. [107]
Several factors which are thought to maintain or reverse integrity of the gut barrier
have therefore been investigated for their therapeutic potential in experimental
models. These are summarised in table 2. Few human studies have however been
carried out to date. A randomised double blind, placebo-controlled study in 1995,
assessed the effects of Lexipafant, a platelet activating factor (PAF) inhibitor and
demonstrated a reduction in the incidence of organ failure and in serum IL-8 and IL-
6 concentrations. [190] These findings were replicated in Scotland in a similar study
that was undertaken in eleven hospitals. [191] A subsequent larger randomised,
double blind, placebo controlled, multicentre trial investigated this same mediator,
but no effect on organ failure or mortality was demonstrated. More rapid decreases
in serum IL-8 and E-selectin levels were seen, but no differences in absolute levels
were observed. [192] Continuous blood purification (CBP) has been shown to
improve gut barrier dysfunction through improvement of cytoskeletal instability and
by downregulating inducible nitric oxide synthase, through the removal of excess
pro-inflammatory factors. [62] A prospective study of 40 patients with sustained
severe acute pancreatitis who were given traditional Chinese medicine (Dachengqi
decoction) has also been reported. The Chinese herbal medicine was given to half of
the cohort and, when compared to controls, treated patients showed a significant
improvement in intestinal permeability and a significantly lower incidence of

multiple organ dysfunction syndrome and pancreatic infection. [193]
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1.5.7 Interventional Treatments in acute pancreatitis

Local complications of pancreatitis include early peripancreatic fluid collection and
pancreatitic /peripancreatic necrosis (less than 4 weeks), and late pancreatic
pseudocyst and walled-off necrosis (more than 4 weeks). Acute peripancreatic fluid
collection resolves spontaneously in most cases, and less than 10% result in
pancreatic pseudocysts. Most of these pseudocysts resolve with observation alone
with periodic radiological follow-up. Drainage is only recommended in
symptomatic, infected or rapidly enlarging pseudocysts. The drainage modalities
include endoscopic or open, the endoscopic approach being the preferred modality.
[87]

The management of necrotic collections remains challenging. If sterile, intervention
becomes necessitated if it causes symptoms such as persistent abdominal pain,
nausea, vomiting, gastric outlet obstruction, bowel obstruction or disrupted
pancreatic duct. A third of this necrosis become infected. Infection results in clinical
deterioration, lengthens the recovery and is associated with high mortality.
Antibiotics are required when infected necrosis develops. Diagnosis of infected
necrosis is established in the presence of gas bubbles within on imaging and CT-
guided percutaneous aspiration culture. Surgical necrosectomy is needed if patients
continue to deteriorate clinically despite antibiotics. In stable patients, antibiotics are
continued for 4 to 6 weeks and necrosectomy performed after the wall matures. The
initial approach includes less invasive modalities which include endoscopic and
percutaneous drainage and surgical debridement is reserved for unsuccessful cases.
Further management depends upon the aetiology of pancreatitis. In
gallstone pancreatitis, early cholecystectomy is strongly recommended. Early ERCP
(within 24 hours of presentation) is of benefit in cases of concurrent cholangitis and

obvious biliary obstruction.
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1.5.8 Intestinal permeability and severity of acute pancreatitis

Detection of an increase in endotoxaemia has been documented in patients with
severe pancreatitis. Serum tumour necrosis factor concentrations are also correlated
with disease severity and endotoxaemia and this cytokine has been proposed as a
potential prognostic marker. [194] [140] Ammori et al. demonstrated that plasma
levels of calcitonin precursors on the day of admission may predict disease severity
more accurately than the APACHE I scoring system. [195] Cytokines, endotoxin,
mast cells and mediators such as platelet-activating factor, oxygen free radicals,
adhesion molecules and polymorphonuclear enzymes are all produced and liberated
from pancreatic tissue in response to acinar cell necrosis. They contribute to early
pancreatitis-induced systemic epithelial barrier dysfunction. [104] [196] Endotoxin
also penetrates the epithelial mucosa when intestinal permeability increases. In
response to reports of the correlation between endotoxin and the development of
multi-organ failure, Windsor reported a series of 33 patients and showed that the
initial trend in Acute Physiology Score and the concentration of endogenous IgG
antiendotoxin core antibody, though not direct endotoxin, provided a means of
identifying patients who had acute severe pancreatitis and were at high risk of
developing multi-organ failure. [197] A similar study demonstrated that the presence
of endotoxaemia accompanied by a fall in antiendotoxin antibody titres predicted
poor outcome in patients with acute pancreatitis. [198] Gianotti postulated that once
enteric bacteria reach pancreatic tissue, they can trigger an infection that can worsen
the course of the disease. The worsening of pancreatitis might promote further
passage of bacteria and endotoxin from the gut lumen and promote a self-
perpetuating septic state. [199] Acute pancreatitis also resulted in increased
intestinal permeation and the magnitude of this permeation correlated with disease
severity in an experimental animal model. [200] Another similar study involving
experimental pancreatitis reported increases in intestinal permeability which
correlated with increases in plasma endotoxin concentrations and bacterial
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translocation. Electron microscopy of ileal mucosa showed shortened microvilli and
discontinuous tight junctions when compared to the normal villus cells of control
rats. [201] Luan et al. demonstrated a significant increase in intestinal tissue high-
mobility group box 1 (HMGB1) concentrations in rats which had severe acute
pancreatitis. [116] Hotz et al. demonstrated that impairment of colonic capillary
blood flow correlated with increased intestinal permeability, occurred early in acute
pancreatitis and correlated with disease severity.

A number of clinical studies have also demonstrated a relationship between
increased intestinal permeability and the severity of acute pancreatitis. Some of these
studies have also identified potential markers that correlate with the severity of
disease. To date none of these have been brought into routine clinical practice. These

studies have been summarised in Table 2.
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1.5.9 Cytokines in Acute Pancreatitis

Inflammatory cytokines are thought to play a major role in the pathogenesis of
pancreatitis and the inflammatory response. A number of studies have therefore
investigated the roles of individual cytokines as potential biomarkers in acute
pancreatitis, but there are fewer reports in which more global changes in cytokine
expression in acute pancreatitis have been assessed. The measurement of cytokine
concentrations appears to provide a more accurate and objective method for the
assessment of the severity of acute pancreatitis. In cases of acute pancreatitis with
limited extent of injury, spontaneous resolution of the inflammation occurs. When
inflammation persists, mediators are released into the circulation leading to the
malfunction of various organs and a systemic inflammatory response.

After the initial acinar cell injury, local and systemic inflammatory responses are
triggered. Inflammatory cells migrate into the interstitium by adhering to the
endothelium and escaping from the microcirculation. The mechanisms by which
inflammatory cells adhere to endothelial cells are determined by a variety of
mediators or cytokines which are released at sites of tissue damage. Cytokines hold
the key to both the local and the systemic inflammatory responses in acute
pancreatitis. The inflammatory process results in excessive leukocyte activation and
increased migration of neutrophils to the inflamed area, with a consequent release
of pro-inflammatory mediators including interleukins (IL-1b, IL-6, IL-8, IL-10, IL-
18) and TNF-a. (Figure 4) These mediators have been shown to influence the
progression of a pancreatic infection to necrosis and consequently to SIRS and
multi-organ failure. [202] Monocytes produce interleukin (IL)-6, a pro-
inflammatory cytokine which is known to be involved in the pathogenesis of acute
pancreatitis. Through the subsequent release of CRP, it is one of the most useful

parameters for predicting the severity of an episode of acute pancreatitis.

58



[ ACINAR CELL INJURY

INFLAMMATORY CELLS TO ENDOTHELIUM NEUTROPHILS TO INFLAMED AREA

EARLY PHASE CRP SYNTHESIS SEVERITY MMP-9 BASEMENT MEMBRANE REDUCES ACINAR
CYTOKINE BY CYTOKINE MARKER DAMAGE AND ALTERED INTESTINAL CELL NECROSIS
ACUTE PANCREATITIS SIRS & MOF VASCULAR LEAKAGE PANCREATIC NECROSIS

MONOCYTES. MACROPHAGES. T-CELLS & T-HELPER CELLS

INDUCTION O\T HELPER CELLS

Figure 4. Schematic diagram to summarise the involvement of various cytokines in acute pancreatitis.
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Interleukin-12 is also produced by monocytes and is a well-known inducer of the T-
helper (Th) 1 cell immune response whereby T cells are induced to secrete interferon
(IFN)-y, IL-2 and TNF-a.. The T lymphocytes secrete immunomodulatory cytokines
that regulate the development and effector functions of their subset Thl and Th2
cells. One study of immunological parameters in acute pancreatitis showed that the
T-cell population is affected in pancreatitis and that CD4+ and CD8+ T-cell numbers
are significantly reduced. The percentage of IL-6-producing monocytes was
significantly higher in patients with acute pancreatitis. [203] Interleukin 6 is the
principal mediator of the acute phase protein response and may be a natural host
defence mechanism. It is an excellent marker of the severity of acute pancreatitis
with peak concentrations (three to six times baseline) occurring at 48 hours and
preceding rises in serum concentrations of the acute phase protein C-reactive
protein. Values correlate with disease severity and predict outcome. [204] [205] A
further study also showed that IL-6 had the highest significance as a predictor of
acute pancreatitis severity. [206]

A study investigating serum TNF-a. concentrations in acute pancreatitis did not find
a significant increase between patients who had acute pancreatitis and controls, but
did report increased expression of this cytokine when compared with patients with
CP. Elsewhere it has been reported that tumour necrosis factor-alpha is detectable in
the serum of 10-40% of acute pancreatitis patients and it is an appropriate target for
anti-cytokine therapy in acute pancreatitis. TNF-« is a pleiotropic predominantly
macrophage-derived cytokine that is thought to be involved in pathophysiological
responses in cases of severe injury or sepsis, providing an autocrine and paracrine
signal. [194]

TNF- a is among one of the inflammatory cytokines that is produced once necrosis
develops. Nuclear factor -xB (NF-kB), a transcription factor associated with early
gene activation, plays a critical role in the development of necrosis and, TNF-a is a
cytokine primarily derived from macrophages which plays a major role in formation

60



of many pathophysiological responses of the organism to injury or disease. Systemic
symptoms in septic shock, which is associated with increased TNF-a level, shows a
close resemblance in patients with severe acute pancreatitis. [207]All of this kind of
complications may be due to cellular response such as excessive neutrophil
activation, increased capillary permeability and direct cellular toxicity. Current
research is working towards TNF as a potential target for therapy in AP since
blocking the production and the effects of this cytokines is a strategy that makes
sense in its treatment. A recent case report however reports a case of AP induced by
the very agent to be considered in its treatment, infliximab, a monoclonal anti-TNF-
a antibody. [208]

It is considered that TNF-a increases the vascular permeability by a direct effect on
vascular endothelium and also by indirect mechanisms involving leukocytes. In this
way it increases the collection and activation of leukocytes in inflammation area. It
is known that activated leukocytes secrete various mediators under the effect of
TNF-a which is known to increase the vascular permeability. [209]

Innate immune cells and mediators are intrinsically linked to the pathogenesis of AP.
Cathelicidins are innate immunity-derived antimicrobial peptides that exert
immunomodulatory effects on various host cells. How cathelicidins are involved and
modulate the severity and inflammatory responses of AP remains unclear, but a
recent study in experimental acute pancreatitis using CRAMP gene-deficient
cnlp-/- mice and their wild-type C57BL/6J littermates demonstrated that
cnlp-/- mice exhibited a more severe phenotype and inflammatory response
following AP induction compared with the wild-type mice, as evidenced by
increased serum amylase levels, pancreatic myeloperoxidase release, and early
inflammatory mediator TNF-a production. Histological examination confirmed that
CRAMP deficiency worsened the pancreatic inflammatory condition. These results
indicate that CRAMP may be considered a novel modulatory mediator in mouse
experimental AP. [210]
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Platelet activating factor (PAF) is a potent biological mediator that exerts its effects
in a variety of cells and tissues. PAF primes polymorphonuclear (PMN) white cells
and acts as a mediator for the interaction between PMN cells and endothelial cells,
facilitating the migration of activated white cells into tissue spaces. [204] As
described above, a platelet activating factor (PAF) inhibitor, Lexipafant,
demonstrated a reduction in the incidence of organ failure in patients with severe
acute pancreatitis. Seven of 12 patients with severe acute pancreatitis who received
Lexipafant recovered from organ failure compared with only two of 11 patients with
severe acute pancreatitis who had placebo. The study suggested a rationale for
further clinical trials with the potent PAF antagonist Lexipafant in human acute
pancreatitis. [190] Interleukin 1 is regarded as an early inducer of many of the
systemic and acute phase responses to injury. It is difficult to measure in serum and
its natural antagonist, interleukin 1 receptor antagonist may more accurately reflect
the degree to which IL-1 stimulation has occurred. IL-1 and TNF-o are thought to
induce the release of IL-6 and IL-8. [211]

IL-8 has been reported to show increased expression in the early phase of acute
pancreatitis. It is released by many cell lines in the presence of activated neutrophils
and is considered to be one of the main secondary mediators of TNF-o induced
neutrophil activation. It is a polymorphonuclear cell activating peptide and seems to
be the earliest cytokine to appear in the serum of patients with acute pancreatitis and
is reported to correlate with severity of disease. [212]

Interleukin-10 is a naturally occurring anti-cytokine that inhibits several functions
of macrophages including tumour necrosis factor and IL-1 production and the
release of oxygen free radicals. Like IL-1ra, it is a naturally occurring inhibitor. In
experimental acute pancreatitis in mice, recombinant IL-10 reduced acinar cell
necrosis and tumour necrosis factor mRNA expression. [204] It has an anti-
inflammatory role inhibiting the synthesis and release of other pro-inflammatory
cytokines and free oxygen radicals from macrophages and T-helper lymphocytes.
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On the other hand, it shows a positive effect on the proliferation and differentiation
of B lymphocytes and promotes the production of immunoglobulins. [206]

IL-1 and IL-6 are thought to induce the synthesis of C-Reactive Protein (CRP) by
hepatocytes in acute pancreatitis. CRP is currently the most clinically used non-
specific inflammatory marker in acute pancreatitis patients, but a delay is often seen
in its increase, and this can be explained by this secondary release. [202] TNF-a, IL-
1b and IL-8 can stimulate the release of MMP-9, which damages basement
membranes and alters intestinal permeability. [211] Other mechanisms for the
alteration in epithelial permeability have also been investigated and proposed. One
such study has reported that IFN-y acts synergistically with IL-1b and TNF-a to
induce the functional expression of NO synthase and therein provide a mechanism
to induce intestinal epithelial hyperpermeability. [52] A more recent study reports a
T-helper 1 profile that was associated with severe AP and a T-helper 2 profile with
mild or moderately severe AP. The same authors also report an IL13/IFNy ratio of
potential value to predict the prognosis in AP. [213]

Our own research group undertook a meta-analysis on the wvalue of
carboxypeptidase-B activation peptide in predicting severity of acute pancreatitis on
admission. We concluded that both serum and urinary CAPAP have the potential to
act as a stratification marker on admission in predicting severity of acute
pancreatitis. [83]

This brief overview of cytokines expressed in acute pancreatitis demonstrates that
both pro-inflammatory and anti-inflammatory cytokines are released during the
disease process. Pro-inflammatory mediators in acute pancreatitis include TNF-a,
IL-1, IL-2, IL-6, and IL-18, and IL-8, platelet-activating factor, and reactive-oxygen
and reactive-nitrogen species. With the release of these pro-inflammatory mediators,
anti-inflammatory cytokines are concomitantly produced, leading to a compensatory
response syndrome. High circulating concentrations of the anti-inflammatory
mediators such as TNF-a receptors, IL-10, and IL-1ra have also been documented
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in acute pancreatitis. [214] Thus, a number of inflammatory mediators have been
shown to be involved in the development of acute pancreatitis. The pathways of
damage are similar, whatever the aetiology of pancreatitis, with three phases of
progression: local acinar injury, systemic response, and generalised sepsis. The pro-
inflammatory response is countered by an anti-inflammatory response, and an
imbalance between these two systems leads to localised tissue destruction and
distant organ damage. [215] Cytokines are involved in all aspects of the cascade
leading to systemic inflammatory response syndrome and multiple organ
dysfunction syndrome and indeed also in the release of mediators that are likely to

exacerbate alterations in intestinal permeability.
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1.6 Chronic Pancreatitis

To support a study looking at acutely unwell patients, we were required to establish
protocols in more stable patients with reported changes in intestinal barrier function.
We thus undertook a pilot study looking at patients with CP and CLD, both with
literature reporting alterations in gut permeability.

Chronic pancreatitis is a disease with an incompletely understood pathogenesis that
features progressive inflammatory change in the pancreas, resulting in progressive,
permanent structural damage. Chronic pancreatitis should be in the differential
diagnosis of a patient with typical features of epigastric pain with radiation to the
back, steatorrhea, weight loss, or recurrent acute pancreatitis. It is characterized by
atrophy and fibrosis of the exocrine tissue with or without chronic inflammation.
[216]

As expressed in the guidelines and in a recent retrospective study, there needs to be
more stringent application of the systems used for diagnosing chronic pancreatitis
with revision of the current terminology ‘indeterminate’, 'suggestive', 'possible’, and
‘early’ chronic pancreatitis. A number of patients with chronic abdominal pain
syndrome find themselves with a label of chronic pancreatitis despite minimal
changes on EUS. [216]

Intestinal permeability changes have been reported, though limited, and will be
described in the following section. The disease is associated with increasing
exocrine insufficiency (steatorrhoea) and often later endocrine dysfunction
(diabetes), with progressive fibrosis and atrophy. [217] Prevalence has been reported
to be approximately 30 per 100,000 and is higher in populations which have a high
alcohol intake. The incidence varies from 5-11 per 100,000 in men to 2-3 per
100,000 in women. [218-221] As a result of increased alcohol consumption, the
disease has an increasing incidence. The commonest cause is long-standing
excessive ethanol consumption, [222] [223] followed by hypertriglyceridemia,
autoimmune pancreatitis, and disease caused by genetic abnormalities (e.g.
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hereditary pancreatitis caused by mutations of the cationic trypsinogen gene,
PRSS1) or in association with genetic abnormalities (e.g. mutations of the cystic
fibrosis transmembrane conductance regulator, CFTR, or serine protease inhibitor
Kazal type 1, SPINK-1). [224] About 10% of cases are idiopathic. [219]
Morphologically, chronic pancreatitis is characterised by loss of tissue parenchyma,
especially acinar cells, an inflammatory infiltrate and varying amounts of fibrosis
that hardens and distorts the gland and its surroundings. [91] Pancreatic stellate cells
are the mediators of fibrosis in the pancreas, and lead to the formation of
extracellular matrix in interstitial spaces. [225] This process leads to progressive loss
of the lobular morphology and structure of the pancreas, deforming the large ducts
and leading to changes in the islets. This pancreatic fibrosis is initiated by injury to
the pancreas, the mechanism of which depends on the underlying disease aetiology.
The exact pathogenesis of chronic pancreatitis is unknown, but several hypotheses
have emerged as to its mechanism, reflecting the different processes that may apply
due to the variety of different aetiological factors implicated in the disease. [226]
The diagnosis of chronic pancreatitis is often difficult because symptoms are
frequently non-specific, there is no reliable means to identify early disease and more
advanced disease can often only be confirmed by complex imaging. Due to the deep-
seated retroperitoneal nature of the organ, histological diagnosis is awkward and
requires specialist input. [91] Diagnostic imaging studies include endoscopic
ultrasound (EUS), more recently with endoscopic ultrasound elastography with or
without contrast, endoscopic retrograde cholangiopancreatography (ERCP),
computerised tomography (CT) and magnetic resonance imaging (MRI) with MR
cholangiopancreatography (MRCP). [227] [228] Ultrasound and CT are best for the
late findings of chronic pancreatitis but are limited in the diagnosis of early or mild
pancreatitis. Intraductal pancreatic calcifications are the most specific and reliable
sonographic and CT signs of chronic pancreatitis. [229] CT is helpful for the
diagnosis of complications of chronic pancreatitis and for other conditions that can
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mimic chronic pancreatitis. [216] Compared to US and CT, MRI is a more sensitive
imaging tool for the diagnosis of chronic pancreatitis. Ductal abnormalities are very
specific and reliable MRI signs of chronic pancreatitis. Signal intensity changes in
the pancreas, seen on MRI, may precede ductal abnormalities and suggest early
chronic pancreatitis. Stimulation of the pancreas using IV secretin may improve the
diagnostic accuracy in the detection of ductal and parenchymal abnormalities seen
in chronic pancreatitis. [216] MRCP is increasingly being used, as it is a safe, non-
invasive modality, does not involve radiation, and does not cause acute pancreatitis.
[230] After secretin injection, duodenal fluid volume can be calculated and used as
a marker of secretory function. Endoscopic Ultrasound (EUS) has an increasing role
in the diagnosis and management of chronic pancreatitis. EUS in some studies has
been shown to be as effective as ERCP in diagnosing CP. [231] EUS can also
demonstrate abnormalities in many individuals without definite ERCP features.
[232] It allows high resolution imaging of both the parenchyma and pancreatic ducts.
Experienced clinicians can detect early stage CP with good inter-observer agreement
(92%). [232] Recent guidance has been given in the diagnosis of CP using EUS; this
is referred to as the Rosemont classification.[233] The gold standard for diagnosis
of chronic pancreatitis is histopathology, but this is rarely available unless surgery
has been undertaken. [234] The diagnosis of advanced CP may be more
straightforward if there are calcifications within the gland. These may be picked up
with a plain abdominal X-ray, although calcifications are not completely exclusive
to CP. [235, 236] Calcifications typically develop years after the onset of symptoms
in alcoholics (median 8.7 years) and even longer in early onset idiopathic
pancreatitis (24.9 years). [237] The main diagnostic challenge is detecting early
stage disease.

Indirect pancreatic function tests generally are sensitive for steatorrhea, and useful
in quantifying the degree of exocrine insufficiency. They are moderately sensitive
and specific for diagnosing advanced chronic pancreatitis, but are less so for
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diagnosing early chronic pancreatitis. The faecal elastase assay, can be limited in
specificity. Faecal chymotrypsin may be useful in detecting compliance with
exogenous pancreatic enzyme supplementation. Faecal fat assays are sensitive for
steatorrhea but are of limited utility due to the cumbersome nature of patient
collection and lab handling of samples. In addition, strict adherence to dietary
recommendations for several days is required. Direct pancreatic function tests have
high sensitivity for detecting late chronic pancreatitis, but lower sensitivity for early
chronic pancreatitis. The traditional secretin and CCK tests performed with the oro-
duodenal tube pancreas fluid collection are highly accurate, but require fluoroscopy
for confirmation of tube placement and are not widely utilized. An endoscopic
pancreatic function test can also be considered. As structural severity worsens in CP,
exocrine function declines and pancreatic function tests correlate accordingly as do
EUS findings. [216]

Direct pancreatic exocrine function tests have been acknowledged as reliable
confirmatory methods to diagnose or exclude chronic pancreatitis. Tube-based
versions of these tests measure the organ’s secretory capacity (enzymes and/or
bicarbonate) in response to hormonal stimulants (cholecystokinin [CCK] and/or
secretin). Measurement of the concentrations of cytokines and other pro-
inflammatory molecules in pancreatic secretions has also been proposed, but has not
yet been substantiated. The sensitivities of pancreatic function tests depending on
duodenal intubation to sample pancreatic juice range from 72-94%, with specificity
of 80-90% when compared with histology. Unfortunately, due to the prolonged
duodenal intubation times required and technical demands of tube-based pancreatic
function testing, this approach has fallen out of favour and is no longer available in
the UK. [227] Elsewhere, notably in the USA, endoscopic sampling of duodenal
juice collected after pancreatic stimulation has been developed and is now available
in several centres, but this approach samples for shorter periods than the original
tube-based tests (15 min compared to over two hours), is labour intensive and more
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invasive, and has yet to be adopted in the UK. In the UK and elsewhere, tubeless
pancreatic function tests are used such as faecal elastase activity and the
Pancreolauryl test. However, these have lower sensitivities and specificities, and
although they are more widely used, are less reliable. Thus a gold standard
alternative test to those currently available would be an invaluable addition to the
diagnostic algorithm for patients with suspected chronic pancreatitis. Endocrine
testing does not feature as part of the diagnostic pathway in Chronic Pancreatitis.
However diabetes is a well-recognised late feature of the disease. Little is known
about pancreatic endocrine function before the development of DM in CP. A study
of patients CP patients had higher fasting and random glucose levels, without a
compensatory increase in insulin secretion suggesting subtle early islet dysfunction.
Better understanding of the progression from endocrine dysfunction to diabetes
mellitus is critical to develop screening tools for early detection and intervention.
[216]

Autoimmune pancreatitis accounts for about 5% of all pancreatitis, and it is
associated with an increase in serum immunoglobulin G4 which is a diagnostic
criterion. Interestingly, the gastric Helicobacter pylori infection has been shown to
be associated with AIP. This bacterium is known to trigger immune responses
against host tissues via several molecular mimicry pathways. Other suggestions link
bacterial infections with the development of AIP. In a mouse model, Escherichia
coli induces a severe pancreatic inflammation and fibrosis similar to the human AlP.
Numerous studies have reported that specific microbial antigens may trigger the

development of AIP activating immune responses. [238]
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1.6.1 Gut barrier dysfunction and bacterial translocation in chronic pancreatitis
Reports of alterations in intestinal permeability, bacterial translocation and
endotoxaemia in chronic pancreatitis are limited. In CP, increased IP has been
reported in cystic fibrosis patients who have pancreatic insufficiency compared to
those without, secondary to changes in intestinal epithelial tight junctions. [10] The
concentrations of circulating cytokines have been associated with increased
concentrations of pathogenic microbiota in the gut, and gut permeability. [11]
Alterations of gut microbiota have been reported in pancreatic diseases. In
particular, the gut microbiota may be affected by malnutrition or impaired exocrine
pancreas function that is associated with pancreatic diseases. [239] One recent study
conducted a comprehensive analysis of gut microbiota in patients with type 1
autoimmune pancreatitis, a pancreatic manifestation of the systemic 1gG4-related
disease, and chronic pancreatitis to enable a comparison between altered immune
reactions in autoimmune pancreatitis and/ or long-standing malnutrition in CP and
to assess the influence on gut microbiota. Gut microbiota profiles were different
between patients with AIP and those with CP; namely, the proportions of
Bacteroides, Streptococcus and Clostridium species were higher in patients with CP,
for reasons yet unknown. Pancreatic diseases such as pancreatic cancer, chronic
pancreatitis and autoimmune pancreatitis are often accompanied by pancreatic
exocrine insufficiency which could affect the gut microenvironment and microbiota.
It is reasonable to assume that altered immune reactions in AIP and long-standing

malnutrition in CP modify the dysbiosis. [240]
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1.7 Chronic Liver Disease

Intestinal permeability changes in CLD have been reported and will be discussed in
the forthcoming section. Cirrhosis is a consequence of chronic liver disease and is
characterised by replacement of liver tissue by fibrosis, scar tissue and regenerative
nodules leading to loss of hepatic function. Uncorrected long-term, this is likely to
lead to portal hypertension and death from liver failure, variceal haemorrhage or
malignant transformation (hepatoma / hepatocellular carcinoma). Cirrhosis is most
commonly caused by excess alcohol consumption, hepatitis B or C infection, and
non-alcoholic fatty liver disease (NAFLD), but also has many other autoimmune and
metabolic causes. Some cases are idiopathic. It is difficult to estimate the exact
prevalence of cirrhosis as there is often undiagnosed disease and previously
undiagnosed cirrhosis is often found at post mortem examinations. The incidence of
cirrhosis is estimated at approximately 7000 per year in the UK. An analysis
published in the Lancet showed that between 1960 and 2002, total recorded alcohol
consumption in Britain doubled. [241] Mortality in women from cirrhosis has also
increased significantly.

Patients with cirrhosis of the liver may present in a variety of ways and with various
clinical findings. The history and physical examination can provide clues as to the
presence of cirrhosis and suggest its aetiology. Routine laboratory tests are generally
not diagnostic, but can suggest the presence of liver disease by means of an elevated
prothrombin time and total bilirubin, and reduced platelet count and serum albumin
with abnormalities in serum aminotransferase levels. Radiographic findings can also
suggest the presence of cirrhosis by detecting the presence of complications such as
ascites, hepatocellular carcinoma and hepatic or portal vein thrombosis, but are not
adequately sensitive or specific to use as a primary diagnostic modality. A review of

the treatment of liver disease and cirrhosis is outside the remit of this chapter.
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1.7.1 Gut barrier dysfunction and bacterial translocation in chronic liver disease
Gut barrier dysfunction, endotoxaemia and bacterial translocation also compound
liver disease severity, and lead to decompensation of cirrhosis as a result of
spontaneous bacterial peritonitis, hepatic encephalopathy, hepatorenal syndrome
and variceal bleeding. [12] [13] [14] Immunomodulatory, cellular and molecular
events lead to changes in intestinal tight junction proteins, cellular mechanisms
which may lead to intestinal barrier disruption and hyper-permeability. Patients with
hepatic encephalopathy show an altered intestinal microbiome, increased serum
endotoxin levels, and increases in serum cytokine concentrations (particularly IL-6,
TNF-a, IL-2, and 1L-13). [15] There is considerable evidence to demonstrate that
intestinal permeability increases in patients with liver cirrhosis, and that the
impairment in intestinal barrier function may contribute to severe septic
complications in these patients. Gut-derived complications in liver cirrhosis and
altered intestinal permeability result in bacterial or endotoxin translocation-related
systemic disorders such as spontaneous bacterial peritonitis, hyperdynamic state,
portal hypertension, hepatorenal syndrome, hepatic encephalopathy, and multiple
organ failure. [242] [243] This is further supported by studies which have shown
significantly increased intestinal permeability in patients with ascites compared to
healthy controls, as opposed to patients without ascites when compared with healthy
controls. [244]

Increased intestinal permeability is also thought to be a major risk factor for the
development of acute on chronic liver failure and has been linked to disease
progression and to infectious complications. However, it has not yet been
systematically evaluated in this cohort of patients. A recent study evaluating urinary
lactulose:mannitol ratios in such patients showed significantly higher intestinal
permeability in patients with acute on chronic liver failure when compared to normal

controls. This difference normalised post treatment, suggesting that gut permeability
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improved in patients with chronic liver failure once the acute illness had resolved.
[245]

Different aetiologies of liver cirrhosis, including alcohol and obesity, are associated
with different gut microbiota profiles and differing mechanisms of developing liver
fibrosis. [246] [247] Alcohol abuse impairs the function of the intestinal barrier,
which might enhance the translocation of bacterial toxins, thereby contributing to
inflammatory processes in alcoholic liver disease. [248] Chronic endotoxin
exposure, suggesting intestinal permeability alterations, has also been identified in
patients with non-alcoholic steatohepatitis. [249] Cirrhosis per se has been shown to
be associated with increased intestinal permeability as assessed by
lactulose:mannitol ratios. [250] [251]

Dysfunction of the intestinal epithelial barrier may therefore enhance the risk of
translocation of bacteria and bacterial products into the systemic circulation, and
thereby contribute to the pathogenesis of chronic liver diseases and the development

of complications. [244]

1.8 Gut barrier dysfunction and bacterial translocation in patients with a
history of gastrointestinal surgery

A few reports of gut barrier dysfunction post-surgery have been published, though
those studies that have been reported tend to be limited to a period soon after an
operation rather than after much time has elapsed. One such study investigated 63
patients undergoing elective abdominal surgery and assessed bacterial culture,
microbial DNA, plasma D-lactate and plasma endotoxin up to 2 days post-surgery.
All patients were observed for a subsequent period of 30 days for infectious
complications. The investigators concluded that increased intestinal permeability
was closely related with bacterial translocation and that the latter occurred most
commonly early after surgery. It was also postulated that postoperative SIRS and

infection might bear a close relationship with bacterial translocation. [252] Increases
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in intestinal permeability and endotoxaemia have also been reported during open
cholecystectomy and in the peri-operative period. This study was also limited to 48
hours post-surgery. [253] An operation directly involving the stomach and
gastrointestinal tract, the Roux-en-Y gastric bypass has also been found to cause
increased intestinal permeability in 16 morbidly obese patients at varying times, but
this study also, demonstrated similar findings after 6 months. [254]

Interestingly, cardiac surgery also appears to cause an increase in intestinal
permeability and endotoxaemia. Findings were more pronounced in patients who
became unwell and developed multiple organ dysfunction and, once again, long term
follow up data were not reported. [255] [256] In the case of cardiac surgery, a further
study did postulate a hypothesis for the observed alterations in gut permeability.
Mean arterial pressure is reduced during hypothermic cardiopulmonary bypass,
whilst maintaining generally acceptable levels of haemodynamic performance. This
intestinal hypoperfusion may be responsible for the altered intestinal permeability
that was observed. [257] Similarly, a significant increase in intestinal permeability
has been reported in patients after elective and emergency major vascular surgery.
It has been suggested that this was due to reperfusion injury rather than the ischaemic
period of the intestine itself. [258] Again, lactulose:mannitol ratios were assessed up
to 48 hours after the operation.

It would be interesting to understand the mechanisms involved in altered intestinal
permeability in patients who have undergone surgery of the gastrointestinal tract as
well as the indirect effects from other forms of surgery. At present, the long-term
effects of surgery on gut barrier function remain largely unknown and it would be
useful to test whether the documented short-term alterations persist, increase or

return to normal.
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1.9 Techniques used to measure intestinal permeability

Several tests have been developed to examine intestinal barrier function and these
are summarised in Table 3. These tests take into account the epithelial barrier and
intestinal permeability. [5] Other factors that need to be accounted for include: the
concentration gradient; epithelial surface area; permeation time and the barrier’s
permeability properties. [16] Most of the tests are non-invasive and involve
measurements of changes in absorption and subsequent urinary excretion of specific
non-metabolised compounds which have different sizes and routes of absorption. A
small and water-soluble test substance is used as a probe and is administered orally.
This substance must be quantitatively cleared by the kidney and excreted in the urine
and a breach in the mucosal barrier causes an increase in uptake of the substance in
the bowel and a subsequent increase in urinary excretion. [16] Due to pre and post
mucosal influences on probes, a single test substance has been deemed an inaccurate
indicator of permeability. The ratio of two substances with varying molecular
weights is therefore now used instead. [18] Four major classes of probes are used:
ethylene glycol polymers (PEG-400), oligosaccharides (lactulose), monosaccharides
(mannitol), and radiolabelled chelates (Cr-EDTA). The probes cross the epithelial
barrier by means of paracellular, transcellular aqueous, and transcellular lipid routes.
The excretion ratio is expressed as a function of the two probes used. The smaller
sugar is absorbed via the transcellular route, by active transport or simple diffusion,
whereas the larger sugar diffuses passively via the paracellular route. Quantitation
of the probe in a timed urine or serum collection provides a measure of the fraction
of ingested probe that has penetrated the mucosal barrier. Only a small proportion
of this large probe should get through the intestinal mucosa, reach the circulation,
get filtered by the kidney and get measured in the urine over a defined point of time.
If there is an abnormality in the paracellular transport; the passage of the probe is
enhanced and thus more is excreted in the urine which suggests abnormality in the
intestinal permeability. Intestinal permeability can be assessed using a variety of
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marker probes such as lactulose, mannitol, rhamnose and cellobiose, polyethylene
glycol (PEG) 400, PEG 1000, 51Cr-EDTA and 99mTc-DTPA. Multiple mucosal
and non-mucosal factors can affect the excretion of a single dose of a test probe and
thus a dual sugar probe test is used for the assessment of intestinal permeability. This
involves the simultaneous oral administration of a disaccharide and a
monosaccharide and measurement of their excretion in urine over a defined period
of time. Intestinal permeability is measured as the ratio of percentage of excretion
of disaccharides/monosaccharides in the urine or serum. Expression of these
excreted sugars as a ratio overcomes the individual variations of other factors. [18]
The concentration of one or more sugar probe can be measured using enzyme assay,
high performance liquid chromatography (HPLC), ion-exchange chromatography in
combination with mass spectrometry and liquid chromatography with mass
spectrometry. If the PEG has been used as a probe, then the concentration of the
PEG can be assessed using capillary column gas chromatography.

Lactulose and mannitol ratio is the most commonly used test for assessment of
intestinal permeability and the most reliable method of measurement of
concentration of lactulose and mannitol is HPLC. HPLC is a chromatographic
technique used to separate a mixture of compounds with the purpose of identifying,
guantifying and purifying the individual components of the mixture. [17]

High pressure liquid chromatography (HPLC) for the determination of lactulose and
mannitol in serum, as opposed to urine, 90 minutes after ingestion of a sugar
solution, is another reported method. [19]

In rodent models, intestinal permeability can also be measured by assessing the in
vivo leakage of radio-labelled albumin or by the in vitro passage of smaller
molecular markers using Ussing chambers. [259]

More recently, the assessment of cell shedding from the epithelium of the villus tip
has been proposed as a marker of intestinal permeability. Small intestinal epithelial
gaps have also been identified in humans by means of confocal endomicroscopy. [4]
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[26] An increase in the number and density of gaps has been demonstrated in patients
with certain gastrointestinal conditions, as detailed below. The confocal
endomicroscopy features associated with increased intestinal permeability can be

rapidly identified with high inter- and intra-observer agreement. [260]

1.10 Confocal Laser Endomicroscopy

Confocal microscopy is a method used to obtain cross sectional images at a chosen
microscopic level — a ‘slice’ — that is too small to be seen with the naked eye and
shows the features of individual cells. The method uses chemicals that are loaded
into cells and when these are excited with light of certain wavelengths, they emit
light of different wavelengths, a phenomenon termed fluorescence. This fluorescent
light is then used to generate an image which provides information about the nature
of cells and their specific states, for example whether they are undergoing apoptosis
or necrosis. The technique has been used for many years in laboratories around the
world, and recently has begun to be used directly in patients for the diagnosis and
treatment of disease.

Confocal probes have now been put into endoscopes (confocal endomicroscopy) so
that microscopic examination of the intestinal mucosa can be made. Work conducted
using the technique of confocal endomicroscopy has identified epithelial gaps in the
intestinal mucosa of mice and humans and their number increases dramatically in
various inflammatory disease states. (Figure 5) [21] Administration of TNF-a
greatly increases the appearance of epithelial gaps, most likely through the induction
of epithelial apoptosis. This process is reversed by the administration of anti-TNF-
a antibody, which prevents bacterial translocation in cirrhosis. [261] Trophic factors
also reduce this process. [110, 154, 262, 263] Intestinal epithelial apoptosis has been
demonstrated to be markedly increased in conditions associated with elevated

cytokine levels, and this leads to increased intestinal permeability and barrier
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dysfunction. [45, 106, 115, 264] Bacterial overgrowth [265] and loss of tight

junctions [45] have been ruled out as explanations for this process.

Figure 5. Confocal imaging of intact
small intestine and effect of TNF-a seen
with acriflavine stain: (A) Human ileal
villi showing epithelial gaps; (B) Villi at
higher power; (C) Villi at deeper tissue

plane. Figure courtesy of Keisslich et al.

[4]

78



Table 3. Gut permeability tests

Gut epithelial barrier integrity

Mechanisms

Specificity

Notes

I-FABP

I-FABP is a small cytosolic protein (14-15 kDa) exclusively expressed on the tops of villi in
mature enterocytes and is rapidly released into circulation upon enterocyte damage

Enterocyte necrosis

Non-invasive (blood/urine); Gut
specific

DAO is an enzyme that catalyses the oxidation of diamines, in human and rodents, DAO

Integrity and

Non-invasive (blood); Gut

Tight junction proteins (ZO proteins,
claudin proteins and F-actin)

ITight junction proteins are components that form paracellular intestinal barrier

intestinal barrier
damage

Serum DAO specifically located at mature villous cells in intestinal mucosa maturity of small specific
intestine mucosa
aGST is predominately expressed in liver, kidney and intestine. It belongs to GSTs families . N r - )
aGST which conjugate a range of toxic and foreign compounds within the cell to glutathione ::r;tlfi};r?; eé)lthellal ;\Ic;r(l:hlc?cvaswe (blood); Not gut
executing cell protection, antioxidation and detoxification activities g P
Paracellular Non-invasive (blood); Despite

predominately gut origin but
may involve other sources

Functional assessment

L/M ratio; PEGs; D-Xylase; L/R
ratio; Multisugar probes; >!Cr-EDTA

Large size molecules would traverse the epithelium by paracellular pathways via tight
junction if it is impaired

Paracellular
intestinal barrier
damage

Non-invasive (urine); Consider
pre-/post-mucosal, mucosal
conditions for test used

L-citrulline

L-citrulline is a nonprotein amino acid almost entirely generated by enterocyte in small
intestine from glutamine

Enterocyte mass
loss or dysfunction

Non-invasive (blood); Gut
specific; Circulating levels
confounded by renal function

Gastric mucosal PiCO2

Increase in gastric CO2 production is associated with anaerobic metabolism in the regional
splanchnic perfusion

Gut mucosal
perfusion

Reflecting regional splanchnic
perfusion status; Invasive; Not
organ specific

Intestinal epithelial cell shedding

Intestinal epithelial cells are constantly shed leaving gaps in the epithelial monolayer. In
inflamed mucosa, the sealing mechanism fails with loss of barrier function

CLE: fluorescein
leakage by CLE

Invasive procedure requiring
trained endoscopist

Bacterial translocation (BT)

Bacterial components such as lipopolysaccharides are increased when commensal bacteria

Direct evidence of

Non-invasive (blood); Relative

BT

Endotoxins translocate into circulation BT low sensitivity

ONARNA Bacterial breakdown products Direct evidence of Non-lnv_aswe (blood); Technique|
BT demanding

EndoCAb IAntibodies to endotoxins are consumed and reflect circulation endotoxin levels Indirect evidence of [Non-invasive (blood); Technique
BT demanding

N Bacterial fermenting product Indirect evidence of |Non-invasive (blood); Not organ

specific
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Confocal laser endomicroscopy (CLE) is a novel diagnostic tool which enables
assessment of in vivo mucosal histology, and assessment of intestinal barrier
function, during endoscopy. It allows for the performance of real time histology
during endoscopy by observation of the mucosal layer of the gastrointestinal tract at
the cellular level. CLE uses a fibre-optic cable to convey blue laser light to a
miniaturised confocal microscope integrated into the 12-mm-diameter tip of an
endoscope. [266] The laser light is focused on an area of interest and back-scattered
light is then refocused onto the detection system by the lens. The back-scattered light
passes through a pinhole aperture which increases the resolution of the image. Laser
light collected from the tissue in focus by the confocal microscope is transferred to
the photodetector. The intensity of the photo signal is measured to create a two-
dimensional image. The image depth can be adjusted by moving the microscope
optics. CLE provides subcellular resolution with 1000-fold magnification. (Figure
6) Multiple images at varying depths can be taken at the same point of mucosa.
(Figure 7)

Patient preparation for confocal endomicroscopy is the same as the preparation for
conventional endoscopy. The procedure is performed under conscious sedation or
general anaesthesia depending on the clinical indications. The endoscope is fragile
due to the multiple components within it and, in particular, the laser element must
be handled with care. Two screens are required to ensure simultaneous visualisation

of the mucosa macroscopically and the fluorescence. (Figure 8)
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Normal Endoscopy

+  ~30X
*  No microscopic
details

Zoom Endoscopy
«  ~100X
*  Cryptsvisible

CLE
- - — - + ~1000X
Figure 6. Demonstration of level of magnification with normal endoscopy to zoom endoscopy « Cellular resolution
compared with confocal laser endomicroscopy (CLE) - Images adapted with courtesy from Pentax — of crypts

* Invivo histology
Best of 2" International Endomicroscopy Meeting
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Figure 7. The scope tip is held in a stable position with contact with the mucosa. Images are taken to a set depth as per

the above magnification producing a z-stack of images of increasing depth.

Images adapted with courtesy from Pentax — Best of 2" International Endomicroscopy Meeting
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Figure 8. Confocal laser endomicroscopy system with 2 screens and image
analyser. Images adapted with courtesy from Pentax — Best of 2"

International Endomicroscopy Meeting

Acriflavine hydrochloride, cresyl violet and fluorescein sodium are the fluorescent
dyes that can be used during CLE. Fluorescein is FDA (Food and Drug
Administration authority) - approved for diagnostic angiography of the retina and a
further study has looked specifically at its safety during CLE. [267] Of 2272
procedures undertaken in which 2.5-5ml of 10% sodium fluorescein was injected
intravenously in each subject, mild reactions were noted in only 1.4% of individuals,
including nausea/vomiting, transient hypotension without shock, injection site
erythema, diffuse rash and mild epigastric pain. Thus, fluorescein use was reported
to be safe for use for gastrointestinal CLE with few acute complications. Intravenous
fluorescein has very rapid distribution in the vasculature, and can be visualised by
confocal imaging within seconds of administration. Acriflavine however is not FDA
approved as it is potentially mutagenic due to binding to nucleic acids. It also has

limited penetration and gives uneven staining. Cresyl violet has limitations due to
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the fact that it does not demonstrate the vascular structure of the tissue being studied
well. Hence, fluorescein is the most widely used dye in CLE. Once the fluorescein
dye has been absorbed by the vasculature, it is taken up by the intervillous capillaries
resulting in a horizontal cross section on the endomicroscopy screen, comparable to
H & E staining on conventional histology, as demonstrated in figure 9. These images

can be taken and stored on the hard drive provided with the CLE system.
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Conventional Histology
Horzontal cross-section

Conventional Histology
Transversal cross-section

Endomicroscopy
Horizontal cross-section

Figure 9. A demonstration of in vivo histology as per confocal laser endomicroscopy compared to conventional histology —

horizontal cross-section. Images adapted with courtesy from Pentax — Best of 2" International Endoscopy Meeting.
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The technique of confocal endomicroscopy has been used to evaluate various upper
gastrointestinal disorders such as Barrett’s oesophagus, gastric carcinoma and
coeliac disease. It also has applications in the lower gastrointestinal and biliary tracts
and can assist in the diagnosis of conditions such as colonic polyps, ulcerative colitis
and pancreaticobiliary strictures. The use of CLE in IBD, polyps and Barrett’s
oesophagus is extensive and the technique is now used for clinical evaluation and
therapy. [268] A very recent report of the use of CLE for the evaluation of
pancreaticobiliary strictures and pancreatic cystic lesions showed that CLE has the
ability to determine the malignant potential of such lesions that are so difficult to
characterise. The technique therefore also has the potential to increase the diagnostic
yield of endoscopic retrograde cholangiopancreatography and endoscopic
ultrasound. [269, 270]

CLE has also been used for the assessment of small intestinal epithelial gaps, but no
single approach for their assessment and interpretation has yet been validated. [271]
Various methods of interpretation of gut barrier function by CLE have been reported.
[271] Features suggestive of increased IP can be determined with high inter-/intra-
observer agreement from confocal endomicroscopy images and without previous
pathology training. [272] One study which reported mucosal barrier defects in
gastric intestinal metaplasia demonstrated an impaired paracellular barrier and
confirmed the findings using electron microscopy. [273] CLE has previously
identified epithelial gaps in the ileal and duodenal mucosa of patients who had
inflammatory bowel disease (IBD) and this correlated with increased IP and clinical
relapse. [274] [275] [1] [4] The findings in the duodenum, an area usually unaffected
in IBD, suggest that increased cell shedding and barrier loss may be underlying
pathogenic mechanisms. [23] CLE has also demonstrated the presence of
intramucosal bacteria in vivo in patients with IBD, [276] and increases in epithelial
gaps and IP in patients with irritable bowel syndrome. [277] Increased gaps have
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also been demonstrated by CLE in indomethacin-induced enteropathy. [277] [278]
[279] It is therefore reasonable to hypothesise that cell shedding is increased in
inflammatory diseases where there is evidence of involvement of the intestine
directly or indirectly. On the basis that epithelial cells destined for extrusion from
the intestinal surface should stain positive for activated caspase-1 or -3 on mucosal
biopsy samples, investigators compared stained terminal ileum biopsy samples with
CLE images from the same site in patients with IBD, IBS and healthy controls.
Intestinal epithelial gap density via CLE correlated strongly with quantitative
analysis of immune-histochemical staining of mucosal biopsy samples. [280]

Studies reporting intestinal permeability changes as evidenced by CLE, have each
used the standard principle of fluorescein leakage into the extravascular space, but
have had subtle differences in terms of specific methodology. One such study which
analysed mucosal healing in patients with ulcerative colitis for example used 10 CLE
images obtained from each colon for analysis. To examine intestinal permeability,
they measured fluorescence signal intensity (FSI) inside the vessel and outside the
vessel lamina propria in six standardised fields per image, and then mean values
were calculated for each patient. The FSI gradient between vessels and lamina
propria was calculated. Figure 10 shows a representational image od a duodenal

villus as seen by CLE and by conventional histology.
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Figure 10. Comparison of confocal images with conventional histological
images of duodenal villi. A: Confocal image delineating the fine slender
finger-like projections of the duodenal villi; B: Histological image of

duodenum. [3]

A lower FSI gradient indicated increased fluorescein leakage into the extra vascular
space and reflected increased vascular permeability. [281] In a second study, again
looking at patients with ulcerative colitis, segmental optical (by CLE) and tissue
biopsies were taken. In order to avoid motion artefacts and acquire better orientation
of the imaged area, an image reconstruction algorithm using a video mosaicing

technique was employed. This group measured fluorescence intensity, related to the
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fluorescein leakage in a region of interest, by using special dedicated software. [282]
In a further study of inflammatory bowel disease, images stacks (Z-stacks) at a given
area were collected from the surface of the epithelium down to the lamina propria
(optical biopsy). The endomicroscopic images of the terminal ileum were analysed
for the presence of gaps, micro-erosions and fluorescein leakage. The overall
perimeter of the villi in each image was measured using Image J and the proportion
of affected cells per perimeter was calculated (in percentage per optical analysis,
which represented a z-stack of images in a given mucosal area). This detailed
analysis was entitled the Watson grading system. Grading was based on the amount
of cell shedding and the intensity of the luminal fluorescein signal on single good
quality images from four separate fields of view within the terminal ileum. [1]
(Figure 11) A similar concept was employed by another group in patients who had
irritable bowel syndrome. The primary outcome was the density of epithelial gaps
(gaps/cells counted) in adequately imaged villi using CLE. Images were reviewed

by two independent blinded reviewers. [277]

Figure 11. Confocal
imaging of small intestine
with intravenous

fluorescein:

(A) ‘Plume’ of fluorescein
entering intestinal lumen
through epithelial gap. (B)
Demonstration of bacteria
within a villus using
fluorescein stain. Arrows
represent intensely
fluorescent shedding cells

seen en face. Images

courtesy of Watson et al. [1]
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Confocal Laser Endomicroscopy is therefore proving to be a rapidly advancing field
of research. In the study described in this thesis, CLE was used to assess epithelial
barrier integrity and intestinal permeability in patients with chronic liver disease,
chronic pancreatitis and acute pancreatitis. It is the first such study to examine such
parameters using this modality. Detailed methods and results will follow in the

forthcoming chapters.

1.11 Summary

Alterations in intestinal permeability, bacterial translocation and endotoxaemia have
been reported in acute pancreatitis and chronic liver disease, and to a limited degree
in chronic pancreatitis. In acute pancreatitis, changes have been shown to correlate
with disease severity, multi-organ failure, mortality and outcome.

Several tests can be used to examine intestinal barrier function and most commonly
the ratio of two substances is used. D-amine oxidase is another test that can be used
and there are multiple reports of its use in experimental models of acute pancreatitis
and a few in human subjects.

Novel methods to investigate intestinal permeability have been more recently
reported. CLE is one such diagnostic tool. It enables in vivo mucosal histology and
the assessment of intestinal barrier function, during endoscopy. We have therefore
investigated whether CLE can be used to assess intestinal permeability in patients
with acute and chronic pancreatitis and have compared the results with those
obtained from non-invasive measurements of intestinal permeability in the same

subjects.
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CHAPTER 2

HYPOTHESES, AIMS AND OBJECTIVES
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2.1 Hypotheses

At the start of this thesis, | set out to conduct an investigation into intestinal permeability,
bacterial translocation and gut barrier dysfunction in patients with acute pancreatitis. To
facilitate this, a decision was made to investigate patients with stable chronic disease in the

first instance. The following hypotheses were proposed to be tested:

1. Intestinal permeability alterations can be seen in patients with chronic pancreatitis,
chronic liver disease and acute pancreatitis.

2. Confocal laser endomicroscopy can be used as a tool to assess alterations in intestinal
permeability in pancreatic disease and in chronic liver disease.

3. Pro-inflammatory cytokines are involved in the loss of barrier function in acute and
chronic disease, and correlate with severity of disease in acute pancreatitis.

4. Alterations in gastrointestinal permeability are associated with gut barrier dysfunction

and alterations in the gut microbiome.

2.2 Aims

To determine whether CLE can be used to assess intestinal permeability, bacterial
translocation and endotoxaemia in patients with chronic pancreatitis, chronic liver disease and
acute pancreatitis.

To assess the responses of immunology and infection in patients with acute pancreatitis whilst

also assessing changes related to increasing severity of disease in acute pancreatitis.
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2.3 Objectives

In order to test the identified hypotheses and aims, we designed a study to be able to examine
each of the required parameters. We set out to test the hypothesis that intestinal permeability
alters in patients with chronic pancreatitis, chronic liver disease and acute pancreatitis and
investigated whether these changes are associated with systemic endotoxin concentrations and

bacterial translocation.

A measure of intestinal permeability was investigated with the novel tool, CLE, alongside the
gold standard lactulose:mannitol test, whilst endotoxaemia was also measured. Further
analyses to enable the differentiation of severity of acute pancreatitis in relation to systemic
cytokine responses whilst also examining duodenal microbial growth in an attempt to assess

bacterial translocation and the gut microbiome were carried out.

In summary, we aimed to determine whether in vivo CLE has a clinical role for assessing the
integrity of the intestinal permeability barrier in inflammatory pancreatic and liver disorders,

whilst assessing immunological and infection responses also.
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CHAPTER 3

METHODS
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3.1 Study population

We conducted a two tier study, initially investigating patients with CP and CLD then patients
with AP.

CP patients were recruited from outpatient clinics and had a diagnosis based on clinical and
imaging diagnostic criteria. They were subcategorised into surgically managed CP and
conservatively managed CP. Aetiology was variable. CLD patients, classified with cirrhosis
according to the Child’s Pugh Score, were approached following referral to the endoscopy
service for variceal screening or from the wards. [283] Aetiology was again variable. Control
subjects were referred for endoscopy to investigate dyspepsia, but did not have alarm features
or pre-existing comorbidities. Subsequent selection was based on these subjects having a
normal gastroscopy and negative Helicobacter pylori (H. pylori) tests, rendering a likely
diagnosis of non-ulcer (functional) dyspepsia.

Patients with a diagnosis of AP with serum amylase activity >450 U/l and consistent
symptoms, fulfilling Revised Atlanta Classification diagnostic criteria, were recruited 24-48
hours after admission at the Royal Liverpool University Hospital. [66] Subsequent
classification was as mild, moderate, severe or critical AP using the determinant based

classification (DBC) system. [65]

3.2 Study Design

A proof of principle study was initially undertaken in which we investigated stable patients
who had chronic disease: CP and CLD. Once experimental protocols had been established, a
study of patients with acute illness (AP), was subsequently carried out. A further study of
patients with severe acute pancreatitis admitted to ITU was proposed, but an application /

amendment for ethical approval to acquire assent from next of kin was unsuccessful.
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3.3 Ethics

This study was granted approval by the North West Research Ethics Committee under two
study codes: 11/H1005/6 and 12/NW/0420. An amendment to the study 12/NW/0420 was
proposed to enable recruitment of ITU patients unable to consent through the process of assent
by next of kin, but this was declined by the regional ethics committee due to the invasive
nature of the primary procedure. ldentified patients were invited to participate in the study and

informed consent was obtained.

3.4 Documentation

Patient information leaflets, consent forms and case record forms (CRFs) were designed and
prepared for recruitment and for recording all data collected during the study (see
Appendices). All documents were scrutinised and approved by the local ethics committee,
prior to ethical approval being granted. CRFs were completed in a clear, legible manner by
investigating team members during the course of the study. Records identifying the subject
were kept confidential. All participants were allocated a study ID number at the time of

recruitment with a prefix — CEM.

3.5 Safety Considerations

The study was conducted with close attention to patient safety. Consenting patients who were
recruited underwent upper gastrointestinal tract endoscopy at the Endoscopy Unit in the
Department of Gastroenterology at the Royal Liverpool and Broadgreen University Hospitals
NHS Trust. British Society of Gastroenterology guidelines for safety and sedation in
endoscopy were adhered to as is routine practice in this unit. All procedures were carried out

by trained, competent endoscopists.
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3.6 Assessment of Intestinal Permeability

3.6.1 Confocal laser endomicroscopy

CLE was performed under conscious sedation with midazolam and pethidine by one of two
fully trained endoscopists (SB and JG) using endoscope EC-3870CILK (Pentax, Tokyo,
Japan.) After completion of the macroscopic examination, 5ml 10% fluorescein was
administered intravenously and serial confocal images were acquired from the second part of
the duodenum. The duodenal wall was then flushed with 10mls sterile water and duodenal
fluid was aspirated for microbiology (see below). Two gastric antral mucosal biopsies were
taken and a rapid urease test conducted to assess for the presence of H. pylori. All recorded
images were re-evaluated by two co-authors (SB and JA) and selected for analysis based on
defined inclusion and exclusion criteria. (Table 4) Selected images were analysed and scored
by two independent, blinded collaborators/authors (CD and DL) for the presence or absence
of fluorescein, the white element of each image, outside of the villous capillary network.
Images were scored as 1 - ‘positive for leakage’ or 0 - ‘negative for leakage’. (Figure 12) An
average score based on the total score over the total number of images was calculated and the

information populated onto a scoring sheet as seen in figure 13.

Table 4. Image Selection Criteria

Inclusion Criteria Exclusion Criteria

e Still image / absence of movement e Movement artefact within image
artefact ¢ Out of focus image

¢ Image in focus o Areas of image under or over-

e Uniform / near uniform perfusion perfused

e Full contact across whole or e Image too bright
majority of image ¢ Image too dark despite

e Balanced exposure (brightness and manipulation
contrast) o Repeated image
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Figure 12. Fluorescein leakage or ‘score 1’ positive image

demonstrated in B and a negative or ‘score 0’ image as per A.
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CEM NO: TOTAL NO OF IMAGES =

LOCAL BARRIER DYSFUNCTION IMAGES
1
None
NO LEAKAGE
(0 point per image)
Fluorescein visible signal visible in
LEAKAGE the intestinal lumen

(1 point per image)

Total Points

ANY EVIDENCE OF LEAKAGE/DEFECT WITHIN SERIES

Y=YES: N=NO

AVERAGE SCORE =TOTALSCORE / TOTALNO OF IMAGES

Figure 13. Scoring Sheet
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3.6.2 Sugar absorption tests

A dual sugar absorption test was used to assess IP. A solution of 5g lactulose and 2g mannitol,
dissolved in 100ml of water, was prepared by the clinical trials pharmacy department, and this
was further diluted to a 300ml solution at the time of administration, following a 6 hour fast.
The solution was administered orally or via a nasogastric tube, immediately after collection
of a 3.5ml blood sample for serum (Gold BD Vacutainer® SST™) to determine baseline
levels. After a further 90-minute fasting period, a further 2ml serum sample was taken.
Samples were centrifuged at 1500g/min for 10 minutes (Heraeus Megafuge 16R) and serum
was aspirated, aliquoted and stored at -80°C. Batches were later analysed using HPLC (Dionex
DX-500 BiolC HPLC system, California) as described by Fleming et al. [19] The ratio of the

serum concentrations of lactulose and mannitol was recorded as the index marker for IP.

3.7 Venous Blood Sampling

A total of 20ml of blood was taken from each patient under aseptic conditions: 2ml whole
blood in a lavender BD Vacutainer® K, EDTA Tube; 4.5 ml blood in a blue BD Vacutainer®
K> Na Citrate Tube; 3.5 ml serum in a gold BD Vacutainer® SST™ Tube and 5ml blood in a
blue culture bottle and 5ml in a purple blood culture bottle. Each tube was inverted ten times
and transported to the PBRU laboratory as soon as possible. Sample processing and storage is

detailed below.

3.7.1 Blood Cultures

Blood cultures were loaded onto a BacT/ALERT® 3D automated microbial detection system
(bioMerieux, Marcy I’Etoile, France) and incubated for an extended period of ten days.
Positive blood cultures were to be cultured onto Columbia blood agar, MacConkey agar,
fastidious anaerobic agar and fastidious anaerobic agar with neomycin (Oxoid, Basingstoke,
UK) and incubated for 48 hours. Blood cultures remaining negative for the ten-day incubation

period were subcultured onto the above media and plates were incubated for five further days.
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3.7.2 Measurement of diamine oxidase

A 3.5ml blood sample was taken from each subject (Gold BD Vacutainer® SST™),
centrifuged at 1500g/min for 10 minutes at 20°C (Heraeus Megafuge 16R) and serum was
carefully aspirated, aliquoted and stored at -80°C. Diamine oxidase (DAO) levels were
measured in the serum of all patients with AP and controls who underwent CLE and whose
images were subsequently included in the study for analysis and scoring. ldentified serum
samples were assayed using an ELISA kit with an antibody specific to DAO (USCN Life
Science Inc.) according to the manufacturer’s instructions. The concentration of DAO was

determined by comparison to a standard curve.

3.7.3 Measurement of Endotoxin

3.7.3.1 Measurement of anti-endotoxin antibodies

A 4.5 ml peripheral venous blood sample was taken from each subject for plasma sampling
(Blue BD Vacutainer® K;Na Citrate Tube) and this was centrifuged at 1600rcf for 15 minutes
at 20°C. The plasma supernatant was carefully extracted, aliquoted and stored at -80°C.
Plasma samples were later used for the measurement of antibody to endotoxin core (EndoCADb;
Hycult Biotechnology, Netherlands) by measurement of levels of endogenous IgG and IgM
EndoCADb by a direct ELISA. The test was conducted as per the manufacturer’s instructions,
and a drop in antibody levels was reported directly proportional to the severity of

endotoxaemia.

3.7.3.2 Measurement of direct endotoxin

Limulus amoebocyte lysate assay was measured in the serum of selected patients, by Charles

Rivers Laboratories, according to the manufacturer’s instructions.
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3.7.4 Measurement of cytokines

The collection and preparation of serum has been described above. Bio Rad Bio-Plex Human
Cytokine, Chemokine and Growth Factor Multiplex Assay 27 Plex Panel Kits (Bio-Rad
Laboratories Inc.) were used to measure the concentrations of multiple cytokines. Data were
read on the Bio Rad Bio-Plex 200 instrument and associated Bio-Plex Manager Software

version 5.0. Concentrations of cytokines were calculated using standard curves.

3.7.5 Helicobacter pylori testing by serology

In the pilot study, H. pylori testing by rapid urease testing was not routinely performed unless
clinically indicated, and so all patients recruited had retrospective testing of serum IgG using
stored serum samples. Frozen serum samples were removed from the freezer and thawed for
analysis. Samples were processed by the microbiology laboratory team 