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ABSTRACT 

 

There have been several proposed circulating candidate markers of intestinal barrier 

dysfunction, which include proteins associated with structural integrity, enterocyte damage and 

microbial translocation. However, there is limited knowledge of the application of these 

biomarkers in the evaluation of gastrointestinal disorders as clinical tools or clues to pathogenesis.  

The overall aim of this research was to evaluate current candidate markers of intestinal 

barrier dysfunction in several human disease or experimental models of intestinal injury and/or 

barrier dysfunction. Specific aims were to determine the relevance and clinical utility of the 

markers alone or in combination.  

Circulating levels of candidate markers -  zonulin, syndecan-1, intestinal fatty-acid binding 

protein (I-FABP), lipopolysaccharide binding protein (LBP) and soluble CD14 (sCD14) - were 

measured by ELISA assays in healthy controls, cohorts of patients with gastrointestinal disease - 

coeliac disease, ulcerative colitis and non-coeliac wheat sensitivity (NCWS) - and in a model of 

exercise-induced gastrointestinal damage undergoing various dietary and drug interventions.  

Assays for zonulin, a putative marker of tight junctional integrity, showed methodological 

inconsistencies. Two commercial assays detected different proteins, neither of which was zonulin, 

as demonstrated by spiking experiments and protein staining. Mass spectrometry and SDS-PAGE 

followed by protein staining revealed complement C3 and haptoglobin as top matches for their 

potential identity, but both failed to bind to antibodies in the ELISAs. These observations casted 

doubt on commercial zonulin ELISA assays’ ability to detect serum zonulin and whatever was 

being detected was not informative in the models assessed. 
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 A wide spread of levels of all markers in 49 healthy controls was observed. In specific 

colonic epithelial injury (severe ulcerative colitis), syndecan-1 (n=12), though not I-FABP (n=20) 

was elevated while both were elevated in small intestinal injury (untreated coeliac disease, n=36 

for syndecan-1 levels; n=32 for I-FABP levels). Trends were only observed in these markers with 

regard to mucosal healing in coeliac disease, which casts doubt on their utility for tracking mucosal 

healing over time. Their combination in patients with NCWS revealed a consistent reduction of 

syndecan-1, but not I-FABP, when treated with a low FODMAP diet, suggesting reduced colonic 

epithelial injury, a finding consistent with experimental data.  Elevation of sCD14 and LBP levels 

showed evidence of bacterial translocation in the exercise-induced model of intestinal injury 

(where I-FABP was also elevated) and in severe ulcerative colitis, but not in coeliac disease or 

NCWS.  

In conclusion, commercial assays that claimed to measure zonulin do not detect this protein 

and therefore have no utility in clinical practice. Syndecan-1 and I-FABP appear useful in 

combination, not only to detect intestinal epithelial injury, but also in the determination of whether 

injury is colonic or small intestinal. Their utility in diagnosis is likely to be small, but longitudinal 

evaluation associated with an intervention was more likely to have clinical and experimental value. 

Heterogeneity of changes in the pattern of markers may assist in evaluating pathogenic 

mechanisms associated with modulation of intestinal barrier integrity and function.   
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CHAPTER 1 

 

LITERATURE REVIEW 

 

1.1 Introduction 

 Impaired intestinal barrier integrity, colloquially known as “leaky gut,” has received 

increasing attention as a purported mechanism of disease pathogenesis. According to this 

paradigm, dysfunction of the intestinal mucosal barrier leads to microbial translocation, or the 

increased passage of dietary and microbial products from the external environment into the host, 

which consequently initiates local and/or systemic inflammation and immune activation. Impaired 

intestinal barrier integrity is directly implicated in various gastrointestinal disorders, including 

coeliac disease, inflammatory bowel disease (IBD), and non-coeliac wheat sensitivity (NCWS).1,2 

Due to possible effects of translocated products onward to the lymph nodes and extra-intestinal 

sites and subsequent immune activation, the concept is increasingly associated with an even 

broader range of clinical conditions, especially those with immune abnormalities or inflammation 

(e.g. autoimmune disorders, human immunodeficiency virus [HIV], and diabetes).3-7 

As scientific research on this concept continues to grow immensely, there is an immediate 

need to evaluate commonly used circulating markers used to assess intestinal barrier dysfunction. 

In the basic research as well as clinical setting, obtaining serum or plasma samples to assess 

intestinal barrier dysfunction is less invasive, easier to acquire and maintain, and more cost-

effective than the analysis of biopsy samples. Assessment of circulating markers is particularly 

important in studies investigating extra-intestinal diseases, where biopsy samples from patients are 
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usually unavailable. A common, non-invasive method used to assess intestinal permeability 

through urine analysis in the clinical setting is the lactulose to mannitol (L:M) test. It is highly 

variable in terms of assay method, specimen collection, and data reporting, and is unlikely to 

diagnose barrier dysfunction in individual cases.8 Additional information, particularly with regards 

to circulating markers, is required to improve diagnostic utility.  

Circulating markers related to intestinal structural barrier integrity featured in this review 

include zonulin, syndecan-1 or CD138, and intestinal fatty acid binding protein (I-FABP) or fatty 

acid-binding protein 2 (FABP2). Zonulin and syndecan-1 are proteins directly associated with 

barrier integrity through their roles of maintaining intercellular tight junctions and cell adhesion. 

I-FABP is a purported measure of enterocyte damage, which may be useful in determining the 

cellular viability of the intestinal barrier. Featured microbial translocation markers include soluble 

CD14 (sCD14) and lipopolysaccharide binding protein (LBP). These proteins are associated with 

the body’s immune response to bacterial products, particularly endotoxin or lipopolysaccharide 

(LPS), that may cross a damaged mucosal barrier. 

Usage of these markers is widespread in the clinical and research setting, though some of 

these markers remain controversial due to methodological shortcomings in detection or 

investigation with plasma or serum samples from patients that have not been well-characterised 

clinically. As such, questions remain about the efficacy of certain markers to detect gastrointestinal 

disease or if these markers are reliable indicators of an impaired intestinal barrier. Evaluation of 

the efficacy of these markers in well-characterised cohorts of gastrointestinal dysfunction, for 

which it is certain that the intestinal barrier is damaged, is a necessary step before any markers are 

associated with extra-intestinal conditions. 
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This review aims to 1) provide an overview of candidate circulating serological and plasma 

markers that are directly associated with intestinal structural barrier integrity, enterocyte damage, 

and microbial translocation in disease and 2) assess the strength of evidence that these candidate 

markers are efficacious in detecting gastrointestinal dysfunction. 

 

1.2 Methods 

 A search for relevant literature on PubMed was conducted for this explanatory review. 

Specific markers were chosen on the basis of what was readily available and suited to plasma and 

serum samples obtained together with guidance from their inclusion in seminal studies that 

investigate intestinal barrier dysfunction. Search terms included were “microbial translocation,” 

“bacterial translocation,” “zonulin,” “prehaptoglobin-2,” “intestinal barrier,” “fatty acid binding 

protein 2,” “FABP2,” “intestinal fatty acid binding protein,” “I-FABP,” “syndecan-1,” “CD138,” 

“soluble CD14,” “sCD14,” “lipopolysaccharide binding protein,” and “LBP.” To understand the 

role and mechanism of each marker in relation to intestinal barrier dysfunction and resulting 

microbial translocation, primary research articles as well as review articles were examined. To 

assess the utility of candidate markers, articles must have investigated circulating plasma or serum 

levels of markers in the context of human intestinal barrier dysfunction. Additional markers of 

interest were also identified and described if found applicable to intestinal barrier dysfunction and 

microbial translocation. Articles that related circulating candidate markers to diseases or 

conditions that were not primarily gastrointestinal in nature (e.g. diabetes, HIV) were evaluated to 

determine whether any gastrointestinal effects were observed and were included for assessment of 

efficacy if any such effects were reported. Duplicate as well as non-English publications were 
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excluded. Both clinical and pre-clinical studies were included in this review. Additional records 

were identified through the references of relevant articles.  

 

1.3 Results 

1.3.1 Overview and Mechanisms of Action Associated with Circulating Intestinal Barrier 

Dysfunction and Microbial Translocation Markers 

 Aside from the regulation of solute and fluid exchange as well as absorption of nutrients, 

the intestinal epithelium has been implicated as a gatekeeper in the passage of environmental 

antigens and microbial products from the intestinal lumen into the sub-mucosa.9,10 A breach or 

dysfunction in this monolayer of cells, the majority of which are enterocytes, may cause increased 

passage of macromolecules from the external environment into the host, which initiates local 

and/or systemic inflammation and immune activation. Contributing factors to decreased barrier 

integrity include dysfunction or damage of the associated structures of the paracellular space 

between enterocytes and damage to enterocytes themselves. 

 Transport across the intestinal epithelial barrier may occur by a transcellular pathway 

through cells or the paracellular pathway between cells. The transcellular pathway involves the 

action of passive or active transport channels for specific substrates.11 The paracellular pathway 

filters by charge and size, and is also an important route of entry for macromolecules.11,12 

Structures in the paracellular space, namely tight junctions and other membrane-associated 

proteins, are directly involved in maintaining cell adhesion and a concentration gradient important 

for both transcellular and paracellular transport; as such, these structures are key regulators of 

epithelial transport.11 
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Zonulin, syndecan-1, and I-FABP are three circulating protein markers that have been used 

to assess intestinal epithelial integrity. Figure 1 describes the locations of these protein markers in 

relation to the intestinal barrier as well as those involved in microbial translocation. Zonulin, 

discovered as prehaptoglobin-2, is a putative modulator of intestinal epithelial tight junctions, 

thereby affecting the paracellular route.13,14 Dysregulation in the zonulin pathway has been 

implicated in both gastrointestinal and extra-intestinal diseases. Increased levels of zonulin in the 

circulation has been associated with impaired epithelial barrier integrity. The shed form of 

syndecan-1, a membrane-associated protein, has been implicated in gastrointestinal disease and 

has an important role in inflammation and cancer.15 Syndecan-1 plays a role in cell adhesion and 

acts in synergy with tight junctions, and is thus associated with the paracellular pathway.16 I-FABP, 

a cytosolic protein of the enterocyte, is released upon cellular damage and can be detected in the 

circulation.17 Epithelial cell damage implicates the dysregulation of both transcellular and 

paracellular routes, since it diminishes the integrity of cells and their adhesion to one another. 

An impaired intestinal barrier promotes the movement of macromolecules and bacteria 

from the gut lumen into the lamina propria by means of transcellular and/or paracellular pathway 

dysregulation. Lipopolysaccharide (LPS), an outer-membrane component of gram-negative 

bacteria, is a common circulating marker of bacterial translocation. It is also a major contaminant 

in the laboratory and clinical setting, and has a short half-life in the circulation. Instead of 

measuring LPS directly, endogenous surrogate LPS markers lipopolysaccharide binding protein 

(LBP) and soluble CD14 (sCD14) have been widely used to determine levels of circulating LPS.  

 An overview of the gastrointestinal diseases for which mucosal permeability is implicated 

and an emerging model of intestinal barrier dysfunction studied in the current thesis investigation 

are included in this review. A detailed discussion of each marker with respect to gastrointestinal  
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Figure 1. Overview of featured protein markers associated with intestinal barrier 
dysfunction and microbial translocation. Dietary and microbial products from the intestinal 
lumen may travel across a compromised intestinal epithelial barrier and initiate cascades of 
systemic inflammation and immune activation, which contribute to disease pathogenesis. Zonulin, 
syndecan-1, and I-FABP are endogenous proteins associated with the integrity of intestinal 
enterocyte and mucosal barrier function. Increased circulating levels of these proteins have been 
associated with increased intestinal permeability. A compromised intestinal epithelial barrier 
potentiates the passage of microbial products, such as endotoxins (i.e. LPS), or dietary 
macromolecules (e.g. gliadin peptides) from the intestinal lumen into the gut lamina propria. Here, 
exogenous products encounter specialised features of the mucosal immune system, including 
lymphocytes and proteins associated with innate immunity. In response to the presence of LPS, 
endogenous proteins LBP and sCD14 are produced, associate with the endotoxin, and aid in 
cellular response, particularly in conjunction with toll-like receptor 4 (TLR4) and macrophages. 
The immune response to exogenous products may initiate cascades that induce local and/or 
systemic inflammation and pathogenic, disease-specific cascades.  
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disease and an assessment of marker efficacy to detect dysfunction follows. Additional relevant 

markers of intestinal barrier dysfunction other than those featured in the thesis investigation were 

also identified, and a brief description of each is included. 

 

1.3.2 Overview of Featured Gastrointestinal Diseases and Syndromes 

1.3.2.1 Coeliac Disease 

 Coeliac disease, an autoimmune disorder characterised by intestinal inflammation, villous 

atrophy, crypt hyperplasia, and the presence of increased intraepithelial lymphocytes, is triggered 

by the ingestion of gluten in genetically-susceptible individuals.18 Once considered a rare disease, 

coeliac disease is now considered the most prevalent cause of enteropathy and is among the most 

common genetic disorders in the Western world with prevalence approaching 1% of its 

population.18,19 Individuals with coeliac disease carry the human leukocyte antigen (HLA)-DQ2 

or -DQ8 genetic polymorphism.20 Additional diagnostic indicators of disease include increased 

circulating levels of anti-endomysial (EMA), anti-tissue transglutaminase (tTG), and anti-

deamidated gliadin antibodies.18,20 However, the gold standard for diagnosis has historically 

involved histological demonstration of villous atrophy in duodenal or jejunal mucosal biopsies 

with regeneration of the villi after gluten withdrawal.20 A second biopsy is not needed if serological 

tests are positive and villous atrophy is present, but is used where the diagnosis is equivocal. In 

children, the need for biopsy evidence is no longer required when the serology is strongly positive. 

Symptoms of coeliac disease may include gastrointestinal and extra-intestinal manifestations. 

Common gastrointestinal symptoms include chronic diarrhoea, abdominal pain, and 

constipation.20 Fatigue is the most common extra-intestinal manifestation, but neurological 

manifestations, including headache, neuropathy and ataxia, are well described.21 Various 
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comorbidities may exist, including type 1 diabetes mellitus, Sjӧgren syndrome, autoimmune 

thyroid disease and systemic lupus erythematosus.20 The variety of possible symptoms and 

comorbidities point to multi-system involvement in the disease. 

Gluten, the causative dietary protein, is a protein family found in wheat, barley, and rye. 

Strict, lifetime avoidance of these foods and adherence to a gluten-free diet is necessary for 

amelioration of symptoms and mucosal healing in affected individuals, and is currently the only 

reliable option for treatment. The mechanism of disease action involving the digestion of gluten 

and the body’s response is summarised in Figure 2. In the first step, gluten is subject to digestion 

by intestinal enzymes into smaller proteins, including gliadins and glutenins, and even smaller 

peptide fragments. Some peptides also remain resistant to proteolytic activity of intestinal 

enzymes. Immunogenic peptides cross the intestinal epithelial barrier, which is presumably 

impaired, and come into contact with tTG. This enzyme initiates the deamidation of glutamine 

residues.21 The process of deamidation, which also confers a negative charge to the peptides, 

further enhances their immunostimulatory abilities.21 In the next step, the peptides encounter the 

body’s immune cells. Antigen presenting cells (APCs) engulf peptides and present them to HLA-

DQ2 or -DQ8 molecules on gluten-specific helper T cells.21 This interaction leads to the production 

of pro-inflammatory cytokines, B cell clonal expansion specific for anti-gluten antibody 

production, and anti-tTG antibody production.21 Pro-inflammatory cytokines regulate molecules 

that affect the permeability of the intestinal barrier, including matrix metalloproteinases (MMPs).21 

The candidate markers featured in this review may reflect these resulting intestinal permeability 

abnormalities in coeliac disease.  
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Figure 2. Mechanism of disease action in coeliac disease. 1. The proteolysis of gluten proteins 
occurs in the intestinal lumen and produces smaller fragments, including gliadin, which are 
immunogenic in coeliac disease. 2. Immunogenic protein fragments pass through an impaired 
intestinal barrier into the lamina propria. 3. Deamidation of fragments by tTG enzyme occurs, 
which creates deamidated, negatively-charged gliadin peptides. 4. Antigen presenting cells (APCs) 
engulf deamidated gliadin peptides and present them to gluten-specific, CD4-positive(+) helper T 
cells bearing the HLA-DQ2 or -DQ8 polymorphism, which in turn prime gluten-specific B cells 
and tTG-specific B cells. These processes contribute to specific antibody and cytokine release, 
which contributes to matrix metalloproteinase recruitment at the intestinal barrier. 5. Matrix 
metalloproteinases contribute to inflammation, damage, and diminished intestinal barrier integrity. 
6. Morphology of intestinal enterocytes is affected, which includes damaged and flattened 
intestinal villi. 
  



	

 38 

1.3.2.2 Inflammatory Bowel Disease 

 Inflammatory bowel disease (IBD) describes chronic inflammatory gastrointestinal 

conditions of unknown aetiology and is increasing in worldwide incidence and prevalence.22 

Crohn’s disease and ulcerative colitis are the two main classifications of IBD. Crohn’s disease is 

characterised by chronic, relapsing inflammation anywhere in the gastrointestinal tract from mouth 

to anus.23 The onset of Crohn’s disease usually occurs between ages 15 to 30 years, and disease 

activity is characterised by periods of alternating remission and relapse.23,24 Manifestations of 

disease can include gastrointestinal and extra-intestinal symptoms. Gastrointestinal symptoms may 

be indicative of disease location (e.g. bloody diarrhoea, indicative of colonic disease), though non-

specific symptoms such as fever may occur.23,25 Extra-intestinal manifestations of disease are 

usually inflammatory in nature; these include arthritis, uveitis, and erythema nodosum.23 

Ulcerative colitis describes mucosal inflammation limited to the colon and rectum. The disease 

typically presents with rectal bleeding, diarrhoea, and tenesmus.26 Approximately 20% of 

individuals with ulcerative colitis experience an acute, severe flare up of their disease, which 

warrants hospitalisation.26 Distinguishing ulcerative colitis from Crohn’s disease can be difficult, 

especially with overlapping symptoms, and prodromal periods of Crohn’s disease may be lengthy 

before a diagnosis is established.27  

 Several scoring systems have been developed to assess IBD disease activity in patients. 

Scoring systems associated with Crohn’s disease include the Crohn’s Disease Activity Index 

(CDAI), Harvey-Bradshaw Index (HDAI), short inflammatory bowel disease questionnaire 

(SIBDQ), van Hees Index, and Lehmann score.28,29 Of these systems, the CDAI has emerged as 

the most commonly used index in research trials. Ulcerative colitis scoring systems include the 

Truelove-Witts Severity Index, Simple Colitis Clinical Activity Index (SCCAI), Mayo Clinical 
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Score/Disease Activity Index, and Montreal Classification.29,30 The Truelove-Witts Severity Index 

is widely used and recommended to assess severe acute disease, whereas the SCCAI and Partial 

Mayo Clinic Index are recommended to assess mild to moderate disease.30 These scoring systems 

solely depend on clinical features of patients to classify disease status and have not been considered 

fully reliable to detect active disease.29,31 A need currently exists to create criteria that can 

accurately classify patients and assess disease activity. Additional indices include circulating 

inflammatory markers, such as C-reactive protein (CRP), and faecal protein associated with 

intestinal inflammation, such as calprotectin; these particular markers have emerged to monitor 

disease activity.32 Colonoscopy has been considered the gold-standard in assessing disease activity 

(when disease is within its reach), but cross-sectional imaging, particularly magnetic resonance 

imaging and intestinal ultrasound, have increasing roles in assessing the state of the disease.  

The exact mechanism of IBD pathogenesis remains unknown, though multiple factors 

associated with environment, genetics, intestinal microbiota and immune dysregulation are 

suspected contributors.33 An impaired intestinal epithelial barrier, which may induce mucosal 

inflammation may lead to an inflammatory state if immune control mechanisms are inefficient, is 

considered a hallmark of disease and a suspected causative step of immunopathogenesis.33 Ten 

percent of first-degree relatives of Crohn’s disease patients were observed to have increased 

intestinal permeability, indicating a potential genetic predisposition of this associated feature of 

disease.34 Unfortunately, it is not known whether the increased permeability is cause or effect. 

Investigation of markers directly related to intestinal barrier function itself and resulting microbial 

translocation may provide insights into disease classification, activity, and immunopathogenesis.  
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1.3.2.3 Non-Coeliac Wheat Sensitivity 

 Non-coeliac wheat sensitivity, or NCWS, is a controversial diagnosis of individuals who 

lack the genetic, immune, and serologic biomarkers of coeliac disease or wheat protein allergy, yet 

present with similar symptoms that appear to resolve when following a gluten-free diet. Unlike 

coeliac disease, biomarkers for NCWS are lacking and the underlying biological mechanisms are 

poorly understood. Globally accepted, definitive clinical criteria do not currently exist, though the 

clinical picture most closely resembles irritable bowel syndrome (IBS).35 Despite a lack of 

scientific understanding, international awareness of NCWS continues to grow. Many self-diagnose 

by following a gluten-free diet and subsequently reporting amelioration of symptoms as well as an 

overall increase in feelings of well-being and positive behavioural health outcomes. 

Recent studies have sought to determine whether gluten or other factors may be causative 

agents of gastrointestinal symptoms in individuals with self-reported NCWS. Most notably, 

fermentable, oligo-, di-, mono-saccharides and polyols (FODMAPs), which are slowly absorbed 

or indigestible short-chain carbohydrates and sugar alcohols, have arisen as the primary candidates 

in these individuals. Fructans, a common type of FODMAP, co-exists with gluten in cereals. 

Double-blinded, placebo-controlled randomised re-challenge clinical trials have found little 

convincing evidence of gluten as the causative agent and a recent three-arm study provided 

evidence that fructans were most likely the culprit in gluten-containing cereals.36 37 Other non-

gluten proteins in wheat, such as amylase-trypsin inhibitors (ATIs), have also been implicated as 

potential pathogenic triggers that play a role in initiating inflammatory responses, though currently 

with no direct evidence.38  

In terms of epithelial barrier dysfunction and microbial translocation, one study reported 

levels of associated markers, as described by the main featured markers in this review, that were 
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distinctive from coeliac disease and healthy controls in individuals with NCWS.2 Symptoms 

experienced by the NCWS cohort upon the ingestion of gluten appeared during re-introduction of 

gluten into their diet after dietary withdrawal, and all serological levels of barrier dysfunction, 

immune activation, and microbial translocation decreased significantly during withdrawal.2 

However, the specificity of the findings to those with NCWS as a control cohort with IBS, though 

without clear wheat sensitivity, was not studied. A proportion of patients with IBS have intestinal 

barrier dysfunction and elevated markers of microbial translocation.39 Further studies are indeed 

warranted to disentangle the causative factors of disease pathogenesis in individuals with NCWS. 

Such studies should be conducted with particular care towards patient recruitment and dietary 

intervention design to rule out potential dietary confounders. In addition, there have been no 

studies involving individuals with NCWS who experience only extra-intestinal symptom 

improvement on a gluten-free diet. A better understanding of disease pathogenesis and precise 

determination of dietary triggers will aid in the clinical management of those with NCWS.  

 

1.3.2.4 Exercise-Induced Gastrointestinal Syndrome  

The occurrence of gastrointestinal symptoms has been commonly observed in healthy 

individuals who undergo strenuous endurance sports such as ultra-marathons, which are increasing 

in popularity.40 In particular, gastrointestinal symptoms appear most pronounced in running than 

in any other form of exercise.41,42 The causes of gastrointestinal symptoms and gut dysfunction are 

multifactorial and may be attributed to a circulatory-gastrointestinal pathway as well as a 

neuroendocrine-gastrointestinal pathway, as described in Figure 3.40 The circulatory-

gastrointestinal pathway mechanism involves the redirection of blood flow to working skeletal 

muscle, thus creating an environment suitable for splanchnic hypoperfusion in the gastrointestinal  
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Figure 3. Mechanisms associated with exercise-induced gastrointestinal syndrome. Adapted 
from Costa et al., 2017.40 Exercise stress, exacerbated by heat, can contribute to gastrointestinal 
symptoms and health complications through a circulatory-gastrointestinal pathway or 
neuroendocrine-gastrointestinal pathway. A redistribution of blood flow from the gut and resulting 
splanchnic hypoperfusion are key characteristics of the circulatory-gastrointestinal pathway, 
which lead to an ischaemic state. This contributes to abnormalities of the gastrointestinal tract, 
which include mucosal erosion and damage, damage to specialised cells, and epithelial injury. 
These factors, along with the redistribution of blood flow, affect gut motility, lead to decreased 
intestinal nutrient transport activity, and induce tight junction barrier damage and dysregulation. 
As a result, increased intestinal permeability, local inflammation, and translocation of intestinal 
bacteria occur. Systemic endotoxaemia may result from increased microbial products in the 
circulation, which contributes to increased cytokine levels and systemic inflammation. Increased 
stress hormones and sympathetic drive are the key characteristics of the neuroendocrine-
gastrointestinal pathway that alter gut motility and transit as well as decrease intestinal nutrient 
transport activity. This contributes to nutrient malabsorption, which is also affected by epithelial 
injury and resulting impaired nutrient absorption through the redistribution of blood flow 
associated with the circulatory-gastrointestinal pathway. 
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tract. This further promotes splanchnic ischaemia, leading to intestinal barrier damage, microbial 

translocation, and systemic inflammation. The neuroendocrine-gastrointestinal pathway involves 

sympathetic and enteric nervous system activation, which alters gut motility and transit. This 

alteration, along with intestinal barrier damage, contributes to impaired nutrient absorption. 

Gastrointestinal symptoms and health complications may evolve as a result of exercise stress on 

both pathways. These abnormalities may be transient in nature, though there have been some 

examples of prolonged, clinically severe manifestations.40 

Exercise duration, intensity and environmental temperature have been identified as factors 

that increase the likelihood of exercised-induced gut damage. A recent review has identified a 

condition of exercise stress at ³ 2 hours at 60% VO2max as the threshold whereby significant  

gastrointestinal disturbances manifest, regardless of an individual’s physical fitness.40 Hot ambient 

temperatures seem to exacerbate stress damage.40 Significant elevations in markers of intestinal 

epithelial cell damage, such as I-FABP, and levels of circulating endotoxin, indicative of microbial 

translocation, have been reported in high intensity exercise to exhaustion at high temperatures.40  

Although there is a growing amount of literature on healthy individuals with exercise-

induced gastrointestinal syndrome, there are few studies that examine this condition in patients 

with gastrointestinal disease. The current exercise model in healthy individuals, however, offers a 

unique opportunity to evaluate markers of barrier dysfunction in subjects who have no other 

physical comorbidity. 
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1.3.3 Circulating Markers of Impaired Structural Barrier Integrity 

1.3.3.1 Zonulin (Prehaptoglobin-2) 

The protein, zonulin, is capable of reversible tight junction disassembly and is, therefore, 

implicated in the regulation of mucosal permeability.13,14 Zonulin was first discovered as an 

endogenous human analogue of the bacterial enterotoxin, zonula occludens toxin (Zot), which is 

produced by the intestinal bacterium Vibrio cholera.14,43 To initiate tight junction disassembly, it 

is proposed that zonulin activates epidermal growth factor receptor (EGFR) through proteinase 

activated receptor 2 (PAR2) as well as G protein-coupled receptor PAR2, which transactivates 

EGFR.13,44 Activation of these two receptors has been shown to decrease transepithelial electrical 

resistance (TEER), therefore implicating increased intestinal permeability.13 Zot has been shown 

to activate intracellular cascades that lead to protein kinase C α-mediated actin polymerization, 

which suggests that cytoskeleton modulation is involved in enhancing intestinal permeability.45 

As Zot and zonulin are analogues, a similar mechanism of activation associated with zonulin is 

suspected.  

As the precursor to haptoglobin-2, zonulin belongs to the haptoglobin family of proteins. 

Haptoglobins are acute-phase reaction proteins that have a primary role in haemoglobin 

scavenging, in which they form a complex with haemoglobin to prevent oxidative damage to the 

haemoglobin itself and surrounding tissues. Haptoglobins also exert angiogenic and 

immunomodulatory properties.46 Three genetic polymorphisms in human haptoglobin expression, 

Hp1-1, Hp2-1, and Hp2-2, are determined by the HP1 and HP2 alleles harboured by chromosome 

16q22. As zonulin is the precursor to haptoglobin-2, individuals who bear the heterozygous Hp2-

1 or homozygous Hp2-2 polymorphism are zonulin-producers whereas those with the homozygous 

Hp1-1 polymorphism are unable to produce zonulin. Dimerisation of haptoglobins occurs 
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cotranslationally and proteolytic cleavage from precursor to active forms takes place while still in 

the endoplasmic reticulum.47 As such, the endoplasmic reticulum contains the highest amounts of 

zonulin as uncleaved, pre-Hp2, yet zonulin has been reported to be measured extracellularly and 

detectable in human sera.13  

Dysregulation of the zonulin pathway and subsequent “gut leakiness” due to increased 

intestinal permeability has been associated with the pathogenesis of gastrointestinal disorders such 

as coeliac disease, NCWS and IBS, and IBD.13,48-50 Autoimmune, inflammatory, and neoplastic 

diseases have also been implicated.49 

Commercial zonulin assays have been widely used as a convenient method to assess 

intestinal permeability in a variety of clinical conditions beyond gastrointestinal disease. Upon 

examination of the literature, 10 publications used a commercial assay by CUSABIO and 61 

publications used a commercial assay by Immundiagnostik to detect human plasma or serum levels 

of zonulin (Supplementary Table 1). Most of these studies investigated zonulin as a marker in 

extra-intestinal conditions. Of primary significance, one conference proceeding investigated serum 

zonulin levels in NCWS, IBS, and coeliac disease and found significantly higher levels in all 

patient groups compared to healthy individuals (p<0.001) using a commercial assay manufactured 

by CUSABIO.51 However, this conference proceeding as well as most others in the literature did 

not test study participants for their ability to produce zonulin.  

Upon initial investigation, inconsistencies exist in the commercial assays used to measure 

circulating zonulin levels. Immundiagnostik indicates the epitope GGVLVQPG, a peptide 

sequence synthetically manufactured as AT-1001, or larazotide acetate, to be the sequence to 

which assay capture antibodies are raised.14,52,53 Although the purported zonulin receptor has an 

affinity for this epitope, it remains unclear whether the generation of captured antibodies raised to 
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this sequence would bind to actual circulating zonulin. Further study into assay methodology is 

required to determine whether current commercial assays provide accurate measurement of 

circulating zonulin levels.  

 

1.3.3.2  Syndecan-1 (CD138) 

 Syndecan-1, or CD138, is a transmembrane proteoglycan involved in adhesion between 

cells and extracellular matrixes, which implicates a key role of its maintenance of the intestinal 

epithelial barrier.16,54,55 It has additional roles in maintenance of cell structure as well as regulation 

of immune function and tissue repair.16,54,56 The extracellular domain of syndecan-1 contains 

glycosaminoglycan (GAG) side chains, which primarily consist of heparin sulphate, though may 

be substituted with chondroitin or dermatan sulfate.54,57 This ectodomain region interacts with a 

variety of factors, including enzymes, extracellular matrix molecules, and growth factors.57 The 

transmembrane region of the protein mediates dimerisation of extracellular domains.54 The highly 

conserved C1 and C2 internal cytoplasmic regions help anchor syndecan-1 core protein to the 

enterocyte’s actin cytoskeleton and interact with PDZ domain-containing proteins associated with 

scaffolding, respectively.54,57 The variable region between C1 and C2 differentiates syndecan-1 

from other proteins of the syndecan family, and is conserved across species.57  

Syndecan-1 is linked to the maintenance of the intestinal epithelial barrier through the 

paracellular pathway. The loss of syndecan-1 core protein and ectodomain components has been 

shown to increase protein efflux into the gut lumen, indicating dysregulation of the intestinal 

epithelial barrier through intercellular spaces.55 Syndecan-1 destruction and heparanase 

overexpression has been shown to aggravate epithelial barrier damage by high glucose 

concentration in murine models.58 In contrast, overexpression of syndecan-1 in cell culture 
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prevented bacterial translocation and promoted maintenance of the intestinal barrier as indicated 

through TEER and fluorescein isothiocyanate (FITC)-dextran flux measurement.16 In further 

support of its protective role, the anchored, unshed form of syndecan-1 significantly lessened 

expression of inflammatory cytokines and inhibited the production of the chemokine CXCL-1, 

which depleted neutrophil migration to the intestinal barrier.59 In a murine model of colitis, the 

addition of anchored syndecan-1 improved disease activity and histological features.59 

  Studies have also indicated the ability of syndecan-1 to affect bacterial translocation as a 

result of barrier dysfunction.60,61 However, due to the basolateral location of syndecan-1 on the 

enterocyte, direct interaction with bacterial products on the apical side is likely limited. Further 

investigation links syndecan-1 to act in synergy with tight junction complexes located closer to the 

apical side through Stat3 signaling.16 Specifically, syndecan-1 increased the expression of tight 

junctional proteins, i.e. ZO-1 and occludin, through the binding of Stat3 to promoter regions of 

ZO-1 and occludin genetic loci.16,62 As discussed below, studies investigating the interaction of 

syndecan-1 with growth factors also propose a migration of syndecan-1 to the apical side of the 

enterocyte.63,64 

The GAG ectodomains of syndecan-1 are constituently shed in a regulated process by the 

proteolytic action of sheddases, a specific type of MMP near the plasma membrane of the epithelial 

cell.65 These shed domains are soluble and able to migrate into the blood circulation. 

Pathophysiological events such as infection and inflammation can trigger the release of 

inflammatory cytokines, including tumour necrosis factor alpha (TNF-a) and interleukin 1b (IL-

1b), which have been shown to enhance the activity of sheddases and therefore increase 

circulating, shed syndecan-1 levels.66-68 An inflammatory state of the gastrointestinal tract, 

particularly characteristic to the subepithelial basal lamina as found in IBD, is proposed to increase 
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widespread shedding of syndecan-1 ectodomains.69 Increased levels of TNF-a, also characteristic 

of the inflammatory state associated with IBD, have also been shown to suppress syndecan-1 

protein expression in vitro.70 

It has been proposed that the interaction of syndecan-1 with basic fibroblast growth factor 

(bFGF), a GAG-binding protein, may potentiate mucosal healing of ulcerative lesions in 

IBD.63,64,71,72 In this mechanism, syndecan-1 migrates from the basolateral to apical side of the 

cell, where bFGF is located.63,64 The syndecan-1 GAG ectodomains then modulate bFGF receptors 

and structural morphology, which in turn allows bFGF to bind to epithelial and stromal cells that 

support the healing process of ulcerations.71,72 When not activated by syndecan-1, bFGF is 

proteolytically degraded and thus unable to initiate the tissue repair process.73 Despite increases of 

bFGF circulating levels and presence on ulcers in patients with IBD, it is suspected that the 

beneficial properties of bFGF are not activated in mucosa with downregulated syndecan-1 

expression.72 Exogenous heparin, a TNF-a inhibitor, is purported to protect bFGF binding 

domains normally covered by syndecan-1.72  

Further depletion of syndecan-1 in murine models alters cell morphology and organisation 

at the epithelial barrier. A loss of syndecan-1 in murine epithelial cells yielded abnormal 

regenerative cell growth.74 These effects may be of interest in the study of coeliac disease, as its 

hallmarks are characterised by disorganised tissue morphology; as previously mentioned, crypt 

hyperplasia, villous atrophy, and leukocyte infiltration from the lamina propria are defining 

histological features.75 Villous atrophy, or the stunting of normal finger-like projections of the 

epithelial cell barrier into the gut lumen, is proposed to be due to cell matrix expansion rather than 

shortening.76 According to this mechanism, cell fibril networks and gel matrices grow, which adds 

to the volume of the intervillous lamina propria; this process can be visualised as a cake rising in 
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the baking process.76 Subsequent “flattening” of the villi and decrease of crypt height occurs 

through matrix “shaping” via cytokine production and the  recruitment of inflammatory cells.76 In 

support of this theory, increased GAGs in the lamina propria of coeliac disease patients localised 

with the aggregation of syndecan-1-positive cells in a syncytial manner.76 This creates an anionic, 

negatively-charged environment that expands the gel matrix and develops favourable conditions 

for pathological protein (i.e. albumin) leakage from the lamina propria, across the intestinal barrier, 

and into the gut lumen.76 Also consistent with these results is the aggregation of plasma cells in 

the lamina propria as part of gluten-induced matrix-deposition found in coeliac disease.77 Shed 

syndecan-1 ectodomains may also contribute to the innate immune response to gliadin as well as 

the extracellular release and activation of tTG.76 To date, the only existing study that characterises 

circulating syndecan-1 levels in coeliac disease examines paediatric samples.78  Heightened levels 

of syndecan-1 correlated to mucosal damage and were significantly different than levels found in 

children with non-specific abdominal pain.78 There are currently no existing studies that examine 

circulating syndecan-1 levels in NCWS. 

The evidence of syndecan-1 as a reliable marker of disease remains strongest for IBD, 

presumably due to the proteoglycan’s close association with inflammatory cascades. Two studies 

have measured marked increase of circulating syndecan-1 levels in IBD patients compared to 

healthy individuals.68,79 These studies propose that syndecan-1 may be an effective marker of 

disease severity. Another study of Crohn’s disease patients observed significantly lower mucosal 

syndecan-1 levels and heightened circulating syndecan-1 levels compared to patients with 

intestinal tuberculosis, which is also characterised by inflammation.80 Heightened heparanase 

activity, which potentiates shedding of syndecan-1 ectodomains, was found in both the circulation 

and mucosa in Crohn’s disease patients.80 These observations were not found in intestinal 
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tuberculosis or functional bowel cohorts, and correlated to Crohn’s disease activity and injury 

severity.80 These results support a specific role of syndecan-1 in IBD pathogenesis. 

Syndecan-1 levels have also been measured in response to anti-TNF-a therapy using 

infliximab and adalimumab in patients with deep remission of Crohn’s disease and in patients with 

ulcerative colitis.63,64 Compared to a control group with active Crohn’s disease, anti-TNF-a 

treatment yielded lower syndecan-1, TNF-a, and bFGF levels in deep remission patients, which 

may indicate a significant degree of inflammatory control and mucosal healing.64 No significant 

differences in syndecan-1 or bFGF levels were found between infliximab and adalimumab 

treatments in patients who were in remission.64 Ulcerative colitis patients also had significantly 

decreased levels of syndecan-1, TNF-a, and bFGF levels after the administration of infliximab, 

though TNF-a levels were first observed to decrease, followed by syndecan-1 and bFGF.64 The 

authors speculate that differences in results can be attributed to differences in disease mechanisms 

or a consequence of inflammatory control.64 Further studies that characterise syndecan-1 levels in 

response to anti-TNF-a therapy in IBD patients may elucidate disease-related mechanisms and 

further support its role as a measure of mucosal healing.  

Circulating syndecan-1 levels have not been explored in models of exercise-induced 

gastrointestinal syndrome, though have been investigated in acute hypobaric hypoxia (i.e. 

environmental atmosphere at 4500 m for 2-4 hours), which is proposed to degrade the endothelial 

glycocalyx.81 Plasma concentrations of syndecan-1 were increased compared to normal baseline 

conditions in an acute hypobaric hypoxic environment.81 In this respect, heightened syndecan-1 

levels were related to the degree of endothelial degradation. A similar mechanism can be inferred 

in a state of ischaemia as observed in exercise-induced gastrointestinal syndrome, as intestinal 
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epithelial cells may shed syndecan-1 in response to the hypoxic environment produced by 

splanchnic hyperperfusion. 

 

1.3.3.3  Intestinal Fatty Acid-Binding Protein (I-FABP) 

 Intestinal fatty acid-binding protein (I-FABP) or fatty acid-binding protein 2 (FABP2), is 

expressed throughout the small and large intestines.82,83 I-FABP belongs to the fatty acid binding 

protein family, which are proteins that primarily chaperone lipids within cells.82 Other potential 

intracellular involvements of this family of proteins include cholesterol regulation and 

phospholipid metabolism, signalling processes, and enzymatic activity.82,84,85 Upon damage of the 

enterocyte, I-FABP is released into the circulation.17 Due to its small size of 15 kilodaltons (kDa), 

I-FABP is able to rapidly diffuse from the interstitium into the vascular space.17  

 I-FABP is expressed in the intestinal tract, primarily in the small intestine and to a lesser 

extent in the large intestine. A study of autopsy samples observed I-FABP tissue concentrations 

(expressed in µg/g ww) of 2.22 in the duodenum, 4.79 in the jejunum, 1.04 in the ileum, and 0.27 

in the proximal colon, and 0.25 in the distal colon.86 A follow-up study confirmed the highest 

concentration of I-FABP in the jejunum, lower concentrations in the ileum and duodenum, and 

trace amounts in the large intestines.87 As this distribution suggests, circulating I-FABP levels are 

primarily indicative of small intestinal injury and may theoretically be a valuable marker of 

gastrointestinal disorders featuring small bowel enteropathy. 

 The strongest evidence for the use of I-FABP as a circulating marker of disease comes 

from studies investigating coeliac disease. As previously described, coeliac disease is characterised 

by small bowel enteropathy, which I-FABP is purported to indicate. Several studies have observed 

increased circulating I-FABP levels in coeliac disease patients compared to normal healthy 
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controls, as summarised in Table 1.2,87-93 As indicated in Table 2, some studies also investigated 

I-FABP levels in untreated, newly-diagnosed coeliac patients before and after treatment (i.e. 

adherence to a gluten-free diet); significant differences in I-FABP levels were observed pre- and 

post-treatment.87,88,92 Significant correlations of I-FABP levels to other coeliac disease-specific 

markers were also observed (Tables 1 and 2).2,88,92 In this regard, I-FABP may have promising 

utility as an indicator of disease activity and mucosal healing in coeliac disease patients. In one 

such trial, I-FABP has been used as a marker of responsiveness to gluten in a study involving adult 

coeliac disease patients undergoing a gluten challenge.94 

Two studies have also investigated circulating I-FABP levels in relatives of individuals 

with coeliac disease.95,96 Relatives of coeliac disease patients may have genetic predisposition (i.e. 

HLA-DQ2 or -DQ8 genetic polymorphism) to develop gluten intolerance preceding coeliac 

disease. These studies explore the possibility of circulating I-FABP levels as a predictive indicator 

of disease, as the marker is purported to reflect early intestinal epithelial cell damage. The first 

study detected significantly elevated circulating I-FABP levels in first-degree symptomatic 

relatives compared to controls, though no differences were found between controls and 

asymptomatic relatives.95 In symptomatic relatives, anti-tTG antibody levels significantly 

correlated with I-FABP levels at the beginning of the study. After a period of adherence to gluten-

free diet in these subjects, both I-FABP and anti-tTG antibody levels significantly decreased and 

improvement in symptoms was observed.95 Biopsy data confirmed normal duodenal histology in 

the majority of previously symptomatic relatives.95 The second study observed a relationship 

between circulating I-FABP levels and the presence of HLA-DQ2 or -DQ8 genetic polymorphism 

as well as increased intraepithelial lymphocytes in first-degree relatives of coeliac patients.96 

However, no healthy controls for comparison were featured in this study.96 The results of both  
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Table 1. Studies investigating I-FABP levels in coeliac disease versus healthy controls. 
 

Study, year n: 
untreated 
coeliac; 
healthy 
control 

I-FABP level pg/mL: 
untreated coeliac; 
healthy controla 

Significanceb Significant 
coeliac-specific 
marker 
correlations with 
I-FABP 

Uhde et al., 20162 40; 40 2600; 1200 p<0.0001 Anti-tTG IgA 
(r=0.559, p<0.001) 

Derikx et al., 
200987 

13; 26 784.7±145.5;172.7±20.2 p<0.001 ND 

Adriaanse et al., 
201388 

96; 69 691 IQR 447-1266;178 
IQR 126-286 

p<0.001 Anti-tTG IgA 
(r=0.403, p<0.01); 
Marsh grade 
(r=0.265, p<0.05)  

Hoffmanova et 
al., 201589 

43; 41 1700±1400; 800±700 p<0.01 ND 

Botasso Arias 
NM et al., 201590 

40; 42 2898.89 range 616-7295; 
1356.49 range 256.51-
3433.33 

p<0.0001 ND 

Vreugdenhil AC 
et al., 201191 

68; 19 458; 20 p<0.001 ND 

Adriaanse et al., 
201792 

90; 80 726 IQR 458-1024; 218 
IQR 143-323 

P<0.001 Anti-tTG IgA 
(r=0.346, p<0.01) 

Oldenburger et 
al., 201893 

95; 161 650 IQR 406-1031; 263 
IQR 141-422 

p<0.0001 ND 

 
I-FABP, intestinal fatty-acid binding protein; IQR, interquartile range; ND, none detected or 
investigated. 
aMean or median circulating (i.e. plasma or serum) I-FABP concentration from text or tables, or 
extrapolated from figures. 
bSignificance of differing I-FABP levels between untreated coeliac patients and healthy controls. 
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Table 2. Studies investigating I-FABP levels in coeliac disease patients pre- and post-
treatment with a gluten-free diet. 
 

Study, year Duration 
of GFD 

n: 
untreated 
coeliac 
disease; 
after GFD 
treatment 

I-FABP level 
pg/mL: 
untreated 
coeliac; after 
GFD treatmenta 

Pre-to-post 
treatment I-
FABP level 
significanceb 

Significant 
coeliac-specific 
marker 
correlations 
and/or 
significance with 
I-FABP 

Derikx et al., 
200987 

1 year 10; 10 725.5±134.4; 
266.8, range 
41.0-642.6 

p<0.001 ND 

Adriaanse et 
al., 201388 

1 year 96; 69 691; 178 p<0.001 Anti-tTG IgA 
(r=0.403, p<0.23); 
Marsh grade 
(r=0.405, 
p<0.001, n=49)  

Adriaanse et 
al., 201792 

26 weeks 79; 76 726 IQR 458-
1024; 231 IQR 
185-318 

Reached 
p<0.05 
significance at 
3 weeks 

Various 
significant Marsh 
stratifications 

 
GFD, gluten-free diet; I-FABP, intestinal fatty-acid binding protein; IQR, interquartile range; 
ND, none detected or investigated. 
aMean or median circulating (i.e. plasma or serum) I-FABP concentration. 
bSignificance of differing I-FABP levels before and after GFD treatment. 
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studies support the use of I-FABP levels to indicate early intestinal epithelial damage and mucosal 

barrier healing. 

The only study to date that investigates circulating I-FABP levels in a NCWS cohort 

observed a significant increase in I-FABP levels compared to both healthy controls and coeliac 

disease patients.2 The authors speculate that the jejunum (where, as previously mentioned, the 

highest concentrations of I-FABP produced by enterocytes have been detected) may be a potential 

site of mucosal damage in NCWS, due to increased I-FABP levels and the lack of abnormal 

mucosal features in duodenal biopsies of the NCWS cohort.2 Positive, significant correlations were 

observed between I-FABP levels and LBP as well as sCD14, with a lesser extent to IgM-class 

antibody activity towards microbial antigens.2 Taken together, these results point towards a 

systemic immune response in the NCWS cohort. Additional studies that integrate biopsy data and 

I-FABP levels in well-characterised NCWS cohorts are warranted to determine disease location if 

these individuals are specifically reacting to wheat-related products. As previously mentioned, 

individuals with suspected NCWS may also have dietary triggers (e.g. FODMAPs) that are not 

specifically gluten- or wheat-related. Future studies that profile I-FABP levels in suspected 

individuals, in which alternative triggers have been concluded, may determine whether these 

triggers might also contribute to epithelial damage of the small intestines.  

In contrast to coeliac disease, there is limited evidence to determine whether circulating I-

FABP may be a useful biomarker in Crohn’s disease. A preliminary study of Crohn’s disease 

patients suggested that I-FABP may be a promising indicator for disease activity.97 Circulating I-

FABP levels were significantly elevated compared to patients in remission and controls, though 

no significant difference of levels was observed between controls and patients in remission.97 A 

positive correlation was also observed between I-FABP levels and CDAI scores as well as CRP 
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levels.97 However, a follow-up study featuring IBD patients, which classified Crohn’s disease 

patients by endoscopy and a combined score (i.e. clinical activity index, faecal calprotectin score, 

and circulating CRP levels), observed conflicting evidence.98 I-FABP levels in these patients did 

not differ in active disease compared to remission in classification by endoscopy.98 Based on the 

combined score, patients with active disease had higher I-FABP levels than those in remission.98 

Disease location did not significantly affect I-FABP levels.98 As these two studies utilised different 

clinical criteria to assess Crohn’s disease patients, further study is warranted to integrate the current 

evidence and clarify whether circulating I-FABP is of value in the assessment of Crohn’s disease 

activity.  

As I-FABP is primarily distributed in the small intestines, it may not be a promising 

circulating marker to indicate disease activity in ulcerative colitis. As previously described, one 

study classified disease activity, indicated by endoscopy or by a combined clinical score, and I-

FABP levels in both Crohn’s disease and ulcerative colitis patients.98 I-FABP levels in ulcerative 

colitis patients did not differ in active disease compared to remission when classified by 

endoscopy.98 Unlike patients with active Crohn’s disease, ulcerative colitis patients with active 

disease, as determined by combined clinical score, had significantly lower I-FABP levels than 

those in remission.98 Extent of disease in ulcerative colitis patients did not influence I-FABP levels 

significantly.98 In the circumstance of comorbidity of IBD with immune deficiency, one study 

found that elevations in I-FABP were not observed in HIV patients with ulcerative colitis 

compared to healthy individuals.99 

One study acknowledged the lack of utility of circulating I-FABP as an indicator of 

ulcerative colitis, though found it to be a potential marker for ileitis.100 Circulating I-FABP 

concentration was significantly higher in patients with a severe acute form of the disease versus 
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those in patients with a mild form.100 In particular, patients with pancolitis had significantly 

elevated I-FABP levels compared to patients with left-side colitis and healthy controls.100 Since a 

previous study reported ileal inflammation in 17% of ulcerative colitis patients, with the majority 

(94%) of this group experiencing pancolitis, the authors claim that I-FABP may instead be an 

important indicator of ileal disease in this patient subset and a reliable marker of extended 

inflammation that correlates well with CRP.100,101 These observations are consistent with I-FABP 

levels being primarily indicative of small bowel enteropathy. 

Several studies that investigate exercise-induced gastrointestinal syndrome observed 

increases in I-FABP levels pre- to post-exercise intervention, as outlined in Table 3.40,102 As biopsy 

collection is atypical of exercise interventions, I-FABP has arisen as a circulating marker of choice 

to detect small bowel enteropathy relating to reductions in villous microvascular flow and 

subsequent ischaemic damage.40 Heat (above 30°C) and vigorous activity such as running and 

cycling seem to exacerbate the most significant response in subjects, as the highest concentrations 

of circulating I-FABP were observed in these conditions.40  
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Table 3. I-FABP levels in exercise-induced gastrointestinal syndrome. Adapted from Costa et 
al., 2017 with modifications.40 
 

Study, year Population Exercise protocol Body 
temperature 

Δ pre- to post- 
exercise I-FABP 
concentration 
(otherwise 
specified) 

Sessions et al., 
2016103 

n = 7 endurance 
trained male and 
female 
participants 

60 minutes running at 
70% VO2max in 30°C 
Tamb (12% to 20% RH) 

Tre: 39.5°C 88 pg/mLd, ns 

van Wijck et al., 
2013104 

n = 12 
recreationally 
trained male 
participants 

30 minutes resistance 
exercise. Tamb not 
reported 

Not measured 90 pg/mLd* 

van Wijck et al., 
2012105 

n = 9 male cyclists 
and triathletes 

60 minutes cycling at 
70% Wmax · Tamb not 
reported 

Not measured 179 pg/mLd* 

Lis et al., 
2015106 

n = 13 male and 
female 
competitive 
cyclists 

45 minutes steady state 
cycling at 70% Wmax + 
15 minutes time trial. 
Tamb not reported 

Not measured Steady state: 139 
pg/mLd, stat-x 

Time trial: 210 
pg/mLd, stat-x 

Morrison et al., 
Part A, 2014107 

n = 8 
recreationally 
trained male 
participants 
undertaking < 3 
exercise sessions 
per week 

15 minutes cycling at 
50% HRR + 60 minutes 
running (30 minutes at 
80% HRR + 30 minutes 
TT) + 15 minutes cycling 
at 50% HRR in 30°C 
Tamb (50% RH) 

Toes: 38.6°C 283 pg/mLd* 

Barberio et al., 
2015108 

n = 8 endurance 
trained male 
participants 

Running at 78% VO2max 
(4 mMol/L blood lactate) 
until Tc increases 2.0°C 
or volitional exhaustion 
(24 minutes) in 40°C 
Tamb (40% RH) 

Tre: 39.0°C 297 pg/mLd* 

van Wijck et al., 
2011109 

n = 20 healthy 
male participants 

60 minutes cycling at 
70% Wmax · Tamb not 
reported. 

Not measured 306 pg/mL* 
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Morrison et al., 
Part B, 2014107 

n = 7 
recreationally 
trained male 
participants 
undertaking > 6 
sessions per week 

15 minutes cycling at 
50% HRR + 60 minutes 
running (30 minutes at 
80% HRR + 30 minutes 
TT) + 15 minutes cycling 
at 50% HRR in 30°C 
Tamb (50% RH) 

Toes: 38.6°C 806 pg/mLd* 

Snipe et al., 
2018102  

n = 10 non-heat 
acclimatised 
endurance-trained 
runners 

2 hours running at 60% 
VOzmax in temperate  
20°C and hot 35°C Tamb 

Temperate Tre: 
37.5-38.25°C 
Hot Tre: 37.5-
39.25°C 

Temperate: 1230 
pg/mL* 

Hot: 274 pg/mL* 

 
I-FABP, intestinal fatty-acid binding protein; Tamb, ambient temperature; RH, relative humidity; 
Tre, post-exercise (or peak) rectal temperature; Wmax, watt maximum; HRR, heart rate reserve; 
Toes, post-exercise (or peak) oesophageal temperature. 
aIn order of exercise-associated epithelial injury (i.e. plasma or serum I-FABP concentration), 
otherwise specified. 
bPost-exercise (or peak) body temperature of respective measurement technique. 
cData (mean or median) from text and tables, or extrapolated from figures to the nearest 
approximate value (pre-exercise resting to post-exercise peak value difference). 
dValues of control or placebo group/trial of the respective intervention study. 
*Significant pre- (rest) to post-exercise increase, ns no significant difference pre- (rest) to post-
exercise. stat-x no statistical analysis provided or statistical analysis unclear. 
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1.3.4 Circulating Markers of Microbial and Macromolecule Translocation 

1.3.4.1  Soluble CD14 (sCD14) and Lipopolysaccharide Binding Protein (LBP) 

 Soluble CD14 (sCD14) and lipopolysaccharide binding protein (LBP) are two endogenous 

proteins commonly studied together to assess levels of circulating bacterial products, namely LPS 

(i.e. endotoxin) from gram-negative bacteria. Primarily produced in hepatocytes, LBP has a high 

affinity for circulating LPS and is typically upregulated in response to increased 

concentrations.110,111 The presence of LBP is necessary to facilitate the binding of LPS to CD14, a 

glycoprotein that exists as a membrane-associated form (mCD14) primarily on 

monocytes/macrophages (considered CD14-positive cells) and as a soluble, extracellular form 

(sCD14) released from the membrane.112,113 Both forms of CD14 are upregulated by the presence 

of LPS and other bacterial wall components.114 LBP and sCD14 also facilitate the process of 

transporting LPS to be in close proximity with toll-like receptor 4 (TLR4), a receptor on innate 

immune cells, and transferring it to the TLR4-myeloid differentiation factor 2 (MD-2) complex 

for antigen recognition.115 Activation of TLR4 leads to intracellular cascades that initiate the 

production of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription 

factors, thereby promoting the production of pro-inflammatory cytokines that modulate intestinal 

permeability.116  

sCD14 can contribute to local or systemic immune effects. On a local, intestinal level, LPS-

dependent mast cell activation may be provoked by sCD14 as observed in normal and Crohn’s 

disease tissue.117 On a systemic level, sCD14 is a potential non-specific marker of monocyte 

activation in the circulation, as inflammatory cytokines can stimulate peripheral blood 

mononuclear cells (PBMCs) to release sCD14.118 LBP is purported to have a regulatory role in the 

inflammatory cascade according to endotoxin levels. In the case of high circulating endotoxin 
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levels, LBP is upregulated and enhances the immune response, as previously described.114 

However, levels of LBP may not always be directly reflective of circulating endotoxin levels nor 

does it always contribute to immune activation. LBP can remain at high levels despite low- to mid-

grade endotoxaemia and contribute to an inhibitory effect on the immune response towards 

endotoxin in these conditions.31,119,120 Thus, the ratio of LBP to circulating endotoxin is important 

to consider and may provide insights into the current status of disease, particularly with regards to 

immune activation. 

LBP and sCD14 have been used together recent studies as surrogate markers to identify 

bacterial translocation. As LPS is a common laboratory contaminant, the direct measurement of 

the endotoxin, usually by immunoassay, may produce unreliable measurements. LBP and sCD14 

also have longer half-lives (24-48 hours) than endotoxin itself (1-3 hours), and may be indicative 

of long-term endotoxin exposure.31,121,122 Usage of these markers to indicate microbial 

translocation across the gut barrier have described intestinal disease activity in HIV patients and 

recent studies have applied these markers to other conditions, including gastrointestinal cohorts.2,4 

However, there are few studies to date that investigate LBP and sCD14 in coeliac disease and 

NCWS. As previously described, both LBP and sCD14 had significant, positive correlations with 

I-FABP in a study of individuals with NCWS.2 This result suggests a link between intestinal 

epithelial damage, as measured by I-FABP, and systemic immune activation by microbial 

translocation as indicated by LBP and sCD14. Another study observed heightened levels of sCD14 

along with I-FABP in both treated (i.e. adherence to a gluten-free diet) and newly diagnosed, 

untreated coeliac disease compared to healthy individuals.89  

The strongest evidence for LBP and sCD14 as markers of dysfunction in gastrointestinal 

disease comes from investigations featuring IBD patients who have active disease. One particular 
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study found heightened mean LBP and sCD14 plasma levels in patients with active Crohn’s 

disease and ulcerative colitis compared to healthy controls.31 Levels of both markers were also 

higher in active disease versus inactive disease.31 The results of both markers were in concordance 

with each another as well as with circulating endotoxin levels, though levels were slightly elevated 

in Crohn’s disease compared to ulcerative colitis.31 Normal levels of endotoxin, LBP, and sCD14 

were recovered after treatment of active disease, though among various types of medication, 

immunomodulators in particular appeared to affect LBP levels most significantly.31 Serum 

concentrations of endotoxin, LBP, and sCD14 remained similar to those in healthy controls in both 

inactive Crohn’s disease and ulcerative colitis patients.31  However, a moderate increase in LBP 

was observed in patients with inactive Crohn’s disease with no change in inflammatory effects.31 

This may support an inhibitory role of LBP in low to moderate endotoxaemia. In patients with 

ulcerative colitis, differences in endotoxin and LBP levels were observed in distal versus fully 

extended disease.31  Heightened LBP levels in extensive disease reveals the extent of inflammation 

in ulcerative colitis; as more mucosa is affected, the greater the potential there may be for LPS 

leakage across the intestinal barrier.  

 A follow-up study investigating LPS-associated markers in endotoxaemic patients with 

Crohn’s disease found similar overall results in serum LBP levels, as these were significantly 

higher in both active and inactive Crohn’s disease compared to healthy controls.123 However, 

sCD14 levels were significantly lower in both active and inactive disease compared to healthy 

controls.123 Longitudinal samples were available from patients who had a relapse of Crohn’s 

disease and subsequent clinical remission; both LBP and sCD14 levels decreased after patients 

achieved remission.123 Based on disease activity as indicated by CDAI scores, receiver operating 

characteristic (ROC) analysis revealed sCD14 and high-sensitivity CRP to be more accurate to 



	

 63 

identify patients with active disease than LBP. Levels of LBP in inactive disease were associated 

with disease behaviour; the highest levels were observed in the penetrating disease pattern, rather 

than inflammatory or stenosing forms.123 Among high-sensitivity CRP, LBP, and sCD14 levels, 

LBP emerged as the best marker for identifying clinical relapse for patients previously in remission 

in univariate analysis.123 Kaplan-Meier analysis revealed concentrations of all three markers to be 

significantly associated with 12-month clinical relapse, and the combination of markers along with 

a high past relapse frequency as significant determinants for time to clinical relapse.123 Further 

Cox-regression analysis demonstrated LBP, sCD14 and a high relapse frequency, though not high-

sensitivity CRP, to be independently associated with the probability of clinical relapse.123 

A study of paediatric IBD patients also detected elevated serum LBP levels in patients 

compared to those in healthy controls, though, unlike the previous studies discussed, these results 

were not related to disease activity or location.124 Thus, LBP levels were significantly increased in 

both active disease and clinical remission compared to controls and levels also did not vary with 

disease location or behaviour.124 However, it should be noted that different criteria were used to 

categorise clinical disease activity than past studies (e.g. CDAI), as this study used specific 

paediatric criteria outlined by Griffiths et al. to describe clinical progression in children with 

Crohn’s disease.124,125 As with the first study discussed, LBP levels were greater in Crohn’s disease 

than in ulcerative colitis. Heightened levels of LBP, along with heightened anti-EndoCAb IgA 

antibody levels, were associated with growth failure in children with Crohn’s disease.124 These 

results suggest that endotoxin exposure in the absence of malnutrition may have an effect on 

growth progression in Crohn’s disease patients.124 

Taken together, circulating LBP and sCD14 levels may provide promising information 

about disease activity and may serve as a potential indicator of relapse in IBD patients. As observed 
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in the first study discussed, immunomodulators may have marked effects on LBP levels that are 

independent of the control of inflammation. Further study is needed to confirm previous results as 

well as the effects that certain medications may have on circulating levels of these markers in 

conjunction with inflammatory activity shown by colonoscopy and intestinal ultrasound. In 

addition, further studies should determine the cross-sectional versus longitudinal utility of these 

markers to determine disease activity. 

 
1.3.5 Additional Circulating Markers of Intestinal Barrier Dysfunction  

1.3.5.1 Antibodies Directed Towards Microbial-Related Antigens 

Circulating antibodies directed towards microbial-related antigens have also been 

considered indicators of translocation across the intestinal epithelial barrier. These antibodies may 

be directed towards specific (e.g. EndoCAb antibodies produced in response to endotoxin core 

protein) or nonspecific (e.g. anti-flagellin antibodies produced in response to flagellated bacteria) 

parts of the microbe. 

 Antibodies (IgG-, IgM-, and IgA-class) directed towards endotoxin core protein 

(EndoCAb) have been used to determine exposure and resulting adaptive immune activation to 

LPS in the acute phase of intestinal barrier damage.2,126 LPS stimulation of the innate immune 

response (which involves LBP and sCD14, as previously discussed), under normal conditions or 

in response to infections, may lead to the evolution of an adaptive immune response, which 

includes specific B cell production of antibodies targeted towards the core protein of the endotoxin; 

these antibodies serve to neutralise LPS.124,127 In IBD patients, EndoCAb levels have been 

negatively correlated to levels of LPS, which may be indicative of the neutralising role of 

EndoCAb in LPS clearance.128 Heightened levels of EndoCAb antibodies have also been 

associated with chronic inflammatory conditions with persistent endotoxin exposure, such as 
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cystic fibrosis.129 In a cohort of NCWS patients, heightened levels of EndoCAb IgM antibodies 

have been observed, which differed significantly from those in coeliac disease.2 This may be 

indicative of a chronic, inflammatory state that may be characteristic of purported NCWS. Taken 

together, the evidence suggests that EndoCAb may be an indirect marker of mucosal barrier 

function through its indication of an acute-phase response to endotoxin or as a marker of chronic 

inflammation. 

Microbial-related markers have also been utilised to distinguish disease subtypes. One such 

example includes anti-Saccharomyces cervisiae (ASCA) antibodies, which are directed towards 

oligomannosidic cellular wall components of the yeast S. cerevisiae. These antibodies have been 

used in conjunction with endogenous perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) 

as indicators to distinguish between IBD classifications.130 The ASCA-positive/pANCA-negative 

phenotype is characteristic of Crohn’s disease, whereas the ASCA-negative/pANCA-positive 

distinguishes ulcerative colitis.130 The presence of these antibody markers, indicative of an 

adaptive immune response, suggests accumulated products of microbial translocation in a location-

specific manner that may distinguish subtype. One study claims that a panel of anti-ASCA 

antibodies, in conjunction with other microbial-related antibodies, can predict Crohn’s disease 

behaviour at a median of 6 years before disease diagnosis.131 Further study to confirm these 

biomarkers’ clinical utility to distinguish subtypes of disease is necessary. 

 

1.3.5.2 Citrulline 

 Citrulline, a non-essential amino acid, has been proposed as a marker of enterocyte function 

specific to the upper villi of the small bowel.132,133 Citrulline is primarily produced from the 

conversion of glutamine in the enterocyte and released into the circulation. It is then taken up by 
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the kidneys and converted into arginine. Circulating citrulline concentration is, therefore, assumed 

to reflect the equilibrium between its synthesis by enterocytes and conversion into arginine.133 

Citrulline concentrations have also been correlated with small bowel length and functional 

enterocyte mass.133 It is proposed that a loss of epithelial mass in the small bowel results in 

increased intestinal permeability, which is reflected by low levels of circulating citrulline.126 

One pilot study in patients hospitalised with septic shock suggested that plasma citrulline 

correlates with bacterial translocation.134 Additional studies are needed to clarify the role of 

citrulline as a potential circulating biomarker of intestinal permeability, as differences in clinical 

states may have marked effects on its levels. Integration of multiple factors, including details of 

specific intestinal pathophysiology, citrulline metabolism and clinical status are essential for 

consideration in analysis.  

 

1.3.5.3 Dietary Macromolecules and Associated Antibodies 

 As a result of an impaired intestinal barrier, dietary macromolecules themselves may also 

be present in the circulation. Furthermore, these macromolecules can mount an immune response 

by means of specific B cell antibody production. The actual presence of dietary macromolecules 

(e.g. peanut allergen Ara h 6) as well as associated antibodies targeted to dietary antigens (e.g. 

anti-gliadin antibodies in response to gliadin) may respectively be direct and indirect markers of 

intestinal barrier dysfunction.  

 There is currently limited evidence that food-related proteins may be reliable markers of 

increased intestinal permeability. A trial primarily involving increased gastrointestinal 

permeability induced by exercise investigated the presence of circulating gliadin peptides as 

potential biomarkers, though this trial did not assess other intestinal permeability markers for 
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comparison.135 The most compelling evidence to date to support circulating dietary protein as an 

indicator of intestinal permeability has involved the peanut allergen Ara h 6. After ingestion of 

peanuts, increased circulating levels of Ara h 6 were observed in study participants during an 

endurance exercise trial, in which the associated mechanisms of exercise-induced gastrointestinal 

syndrome (as previously discussed) are implicated.136 The increased levels, measured at 60 

minutes cycling at 70% of maximal workload, were significant though variable compared to 

baseline and correlated with other intestinal permeability markers, including circulating I-FABP 

levels.136 These significant correlations may indicate its potential as a marker of intestinal 

permeability. However, there is the possibility that a low clearance rate of Ara h 6 may explain 

these results. There is currently limited knowledge on the absorption and clearance mechanisms 

of the allergen.  

 Anti-gliadin antibodies, which are produced as part of the adaptive immune response to 

gliadin peptides, are an indirect measure of intestinal barrier dysfunction. These antibodies are 

formed when dietary gliadin translocates across an impaired intestinal barrier and initiates an 

immune response leading to B cell antibody production. Studies beyond primary gastrointestinal 

conditions (e.g. primary sclerosing cholangitis and cirrhosis) have utilised anti-gliadin antibodies 

as indicators of an impaired intestinal barrier and resulting immune response, though they remain 

of particular interest in the study of NCWS due to a suspected immune response to gliadin 

differential from coeliac disease.2,137,138 Elevated anti-gliadin antibodies have also been observed 

in patients with IBD.139 
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1.3.5.4 D-lactate 

 D-lactate, a small 90 kDa molecule produced from colonic bacterial fermentation, has been 

a proposed marker of mucosal barrier dysfunction that can be measured in the circulation.126,140  

D-lactate cannot be endogenously produced in large quantities, unlike its stereoisomer L-lactate, 

though evidence suggests D-lactate is produced in very small concentrations through the 

glyoxalase pathway, an aldehyde metabolism-related pathway.141 In this respect, the presence of 

D-lactate in the body is predominantly attributed to a bacterial source. D-lactate is purported to 

translocate from luminal bacteria across a compromised colonic barrier and into the circulation. 

However, as D-lactate levels primarily depend on the quantity and activity of colonic bacteria, 

circulating levels may not be a direct measure of intestinal barrier dysfunction.  

D-lactate has emerged as a potential biomarker, particularly in the study of intestinal 

ischaemia, which potentiates increased barrier permeability (as previously discussed in the 

mechanism associated with exercise-induced gastrointestinal syndrome).142-144 However, the 

results of studies should be cautiously considered, as levels may instead be indicative of bacterial 

load and activity. Future research is necessary to clarify the utility of circulating D-lactate 

concentrations, especially in studies related to colonic permeability. 

 

1.3.5.5 Glutathione S-transferases (GSTs) 

 Glutathione S-transferases (GSTs) of the α-subclass, in particular, are proposed indicators 

of intestinal epithelial cell damage. GSTs are cytosolic enzymes that play a primary role in 

detoxification, as they conjugate foreign electrophilic substrates, including free radicals, to 

glutathione.145 GSTs also have peroxidase, isomerase, kinase-inhibition, and ligand-binding 

activities.145 Of the four main subgroups (α, µ, π, and θ), αGST is mainly expressed in the 
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intestines, liver, and kidney.146 As damaged cells of the intestines, liver, and kidney release 

cytosolic contents into the extracellular environment, the level of circulating αGST increases. 

Heightened circulating αGST has been documented in mesenteric ischaemia.147 However, since 

αGST is also expressed in the liver and kidneys, it is not a specific indicator of enterocyte 

dysfunction and intestinal permeability.  

 

1.3.5.6 Tight Junctional Proteins 
 

Proteins that comprise tight junctions have also been measured as circulating markers 

indicative of intestinal barrier dysfunction. There are more than 40 cortical and transmembrane 

proteins that have been described as part of the tight junctional complex.148 Occludin, claudins, 

marvelD3, and tricellulin belong to the transmembrane protein complex.149 Cortical proteins, 

which link membrane proteins to actin cytoskeleton, include those of the zonula occludens (ZO) 

family; these are ZO-1, ZO-2, and ZO-3.149  Expression of these proteins reflect epithelial 

paracellular integrity and their presence in circulation may implicate damage to tight junctional 

complexes necessary for maintaining epithelial barrier integrity. However, proteins of the tight 

junctional complex are widely expressed as they are found in both epithelial and endothelial 

architecture. As such, it can be assumed that the measurement of circulating tight junctional 

proteins is unlikely to directly express tissue-specific barrier integrity. 

 

1.4 Discussion 

 Some, though not all, of the featured markers related to intestinal epithelial barrier 

dysfunction and resulting microbial translocation may provide utility in investigating 

gastrointestinal disease. There are varying degrees of scientific inquiry into featured markers, and 
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as such, additional study is warranted to bridge the gaps of knowledge with regards to their utility 

in specific diseases and conditions. A need for further inquiry is of particular importance in light 

of increasing popularity and usage of these markers, especially in the investigation of patient 

cohorts with extra-intestinal dysfunction. 

As outlined in previous sections, the featured markers have been investigated in a variety 

of different disease contexts and studies. Some studies used cross-sectional marker data (i.e. 

collected at only one point in time) to reflect barrier integrity. Due to inter-individual differences 

that may occur, this classification of data should be cautiously interpreted. Variables such as 

fasting and time of day may affect levels of these markers. In this respect, longitudinal data for a 

particular subject may be able to track inter-individual differences over time and reveal potential 

sources of variation. In this respect, clinical decisions should not be solely based on a singular 

cross-sectional marker value. 

Several factors should be considered in determining the usage of markers to indicate 

gastrointestinal disease, particularly with regards to clinical context. In this respect, it should be 

carefully considered whether the presence of these circulating markers truly reflect an impaired 

intestinal mucosal barrier. Certain therapeutics (e.g. immunomodulators) are known to influence 

circulating levels of these markers, particularly endogenous proteins (e.g. LBP) related to an 

inflammatory response. In addition, some circulating markers (e.g. syndecan-1, αGST, and tight 

junctional proteins) are not specific to intestinal epithelial cells. In this circumstance, adequate 

controls are needed to determine whether elevations in nonspecific markers are truly 

gastrointestinal-tract related. Markers may also be associated with comorbidities. For example, 

increased circulating levels of syndecan-1 have been associated with the progression of cancers, 

as it is involved in the differentiation and prognosis of tumours.150-152  
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As previously mentioned, there may be other factors that influence circulating levels of 

featured markers that are not specifically disease-related (e.g. time of day and fasting). Stress, 

which may be dietary or psychological, may also play a role in modulating permeability and thus 

contribute to changes in marker levels. One particular study found that 4-week consumption of 

low-fat yoghurt reduced levels circulating levels of LBP and sCD14 after study participants 

consumed high-fat and high-calorie meals, which “stressed” the digestive system.153 Levels 

remained high in control groups that did not consume yoghurt. This clearly demonstrates the ability 

of dietary stress to influence intestinal barrier function, and in turn, featured markers. In respect to 

psychological stress, corticotropin releasing factor (CRF), a peptide hormone that is released in 

the stress response, has been shown to trigger increases in paracellular permeability through the 

release of TNF-α and protease secretion in a mechanism dependent on mast cells.154  

It is evident that no singular circulating marker featured in this review is adequate to 

determine mucosal permeability and resulting microbial translocation. A combination of markers, 

in conjunction with clinical details, may be useful to detect features of gastrointestinal disease 

attributed to pathogenic processes associated with intestinal permeability and microbial 

translocation. Further studies to determine useful potential marker combinations and validate their 

clinical utility in specific gastrointestinal-related conditions are warranted. 
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CHAPTER 2 

 

AIMS AND SIGNIFICANCE 

 

2.1 Research Aim and Significance 

As detailed in Chapter 1, there have been several proposed circulating candidate markers 

of intestinal barrier dysfunction, which include proteins associated with structural integrity, 

enterocyte damage, or microbial translocation. Some remain controversial due to methodological 

shortcomings in detection or investigation with serological samples from patients that have not 

been well-characterised clinically. As such, questions remain about the efficacy of certain 

candidate markers to detect features of gastrointestinal disease. Despite the lack of evidence, these 

markers have been used to study intestinal barrier integrity in numerous extra-intestinal conditions. 

The main aim of this research is to evaluate current candidate markers of intestinal barrier 

dysfunction and characterise them in gastrointestinal disease and damage. The comparative study 

of featured markers in well-characterised disease states/conditions of damage and associated 

dietary or drug interventions will provide evidence to support or challenge current 

pathophysiological mechanisms associated with the intestinal barrier and determine whether the 

markers are effective in detecting dysfunction. 

In the basic research as well as clinical setting, obtaining serum or plasma samples is less 

invasive, easier to acquire and maintain, and more cost-effective than biopsy samples. The results 

may potentially assist with diagnostic criteria and clinical evaluation if certain markers are found 
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to be efficacious in the characterisation of disease. If markers are effective, they can also be applied 

to the investigation of extra-intestinal disease states with greater confidence. 

 

2.2 Markers and Models of Intestinal Barrier Dysfunction 

 As described in Figure 4, the featured protein markers under investigation fall into three 

main categories of intestinal barrier dysfunction: dysfunction of structural barrier integrity 

(zonulin, syndecan-1), enterocyte damage (I-FABP), and microbial translocation (sCD14 and 

LBP). All markers were investigated in patients with gastrointestinal diseases (i.e. ASUC, coeliac 

disease, Crohn’s disease, and NCWS) and associated therapeutic conditions, which include dietary 

and drug interventions. All markers were also investigated in healthy individuals, which include 

those with exercise-induced gastrointestinal damage. The significance and mechanistic outcomes 

of investigating the featured markers in each disease state, along with associated dietary or drug 

interventions, are outlined in Table 4.  
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Figure 4. Specific circulating protein markers and associated indications of intestinal barrier 
dysfunction. Candidate circulating protein markers featured in this research are associated with 
different indications of intestinal barrier dysfunction. (A) Zonulin and syndecan-1 are associated 
with the dysfunction of structural barrier integrity. (B) I-FABP is an indicator of enterocyte 
damage. (C) LBP and sCD14 are markers of microbial translocation.  
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Table 4. Significance and mechanistic outcomes expected from the investigation of intestinal 
barrier dysfunction markers in experimental study cohorts. 
 

Cohort Disease 

classification 

Significance and mechanistic outcome related to 

barrier integrity 

Acute severe 

ulcerative colitis 

(ASUC) 

Gastrointestinal; 

inflammatory 

Determination of marker efficacy and inferences of 

associated barrier dysfunction mechanisms in 

colonic disease  

Coeliac disease Gastrointestinal; 

autoimmune 

Characterisation of the intestinal barrier in stages of 

mucosal healing on a gluten-free diet with/without 

steroid intervention 

Exercise-

induced gut 

damage model 

Unaffected; induced 

intestinal damage by 

exercise 

Exploration of the effects of ischaemic stress, in 

conjunction with stress and diet, on the intestinal 

barrier without prior disease activity 

Healthy Unaffected Establishment of normal levels for cross-sectional 

comparison with gastrointestinal disease cohorts  

Non-coeliac 

wheat sensitivity 

(NCWS) 

 

Gastrointestinal; 

controversial 

Contribution of proposed disease triggers (i.e. 

gluten, FODMAPs) to barrier dysfunction 
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2.3 Chapter Aims and Significance 

 To gain insights into marker efficacy and clinical utility, levels of protein markers were 

measured in various exercise, dietary, and drug interventions as well as in baseline conditions prior 

to any intervention. The following section details the experimental aims and significance of each 

chapter. 

 

2.3.1 Chapter 4: The Utility of Serum Zonulin as a Marker of Gastrointestinal Dysfunction 

 As previously detailed, controversy lies in zonulin’s utility as a serum biomarker of tight 

junctional integrity and in the widely used commercial enzyme-linked immunosorbent assays 

(ELISAs) used for its assessment. Zonulin levels were primarily assessed amongst patients with 

gastrointestinal conditions and healthy individuals. However, several methodological 

inconsistencies arose as well as the assays’ failure to detect zonulin. This chapter features cross-

sectional analyses of zonulin levels in gastrointestinal disease cohorts and healthy individuals and 

specifies the observed methodological inconsistencies. 

 

2.3.2 Chapter 5: Identification of Target Antigens in Zonulin Commercial Assays 

 This chapter details further inquiry into zonulin detection methodology. The nature of the 

detected antigens associated with commercial zonulin ELISA assays was investigated using 

immunoprecipitation followed by mass spectrometric analysis and sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) followed by protein staining. Taken together 

with the results in Chapter 4, the evidence presented in this chapter resolves whether serum 

zonulin, as measured by current commercial assays, is a useful marker of gastrointestinal 

dysfunction.  
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2.3.3 Chapter 6: Assessment of Intestinal Barrier Integrity in Exercise-Induced Gastrointestinal 

Damage 

Exercise-induced gastrointestinal damage, which occurs due to strenuous exercise in 

otherwise healthy individuals, is a valuable model to determine the effects of ischaemic stress on 

the intestinal barrier without prior disease activity. Adjunct factors, including high temperature 

and diet, may contribute to intestinal barrier modulation in a state of ischaemic stress, though the 

direct effects of these factors in the absence of disease are currently unknown. This chapter 

explores whether different ambient temperatures and FODMAPs affect intestinal barrier integrity 

in a state of ischaemic stress unrelated to disease activity.  

 

2.3.4  Chapter 7: Assessment of Intestinal Barrier Integrity in Non-Coeliac Wheat 

Sensitivity/Irritable Bowel Syndrome 

 It has been previously reported that individuals with NCWS have elevated levels of 

enterocyte damage (i.e. I-FABP) and microbial translocation (i.e. LBP and sCD14) markers 

compared to coeliac disease patients and healthy individuals.2 In the current study, the effects of 

gluten on the intestinal barrier, as indicated by the featured markers, are examined in patients with 

self-reported NCWS who had IBS symptoms based on Rome III criteria.36 Further study of an 

additional NCWS cohort provides a unique opportunity to explore whether intestinal barrier effects 

are consistent in this controversial diagnosis. In addition, the effects of a background low-

FODMAP diet on the intestinal barrier, compared to study participants’ normal diets, are 

investigated. 
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2.3.5  Chapter 8: Assessment of Intestinal Barrier Integrity in the Treatment of Coeliac Disease 

 After the commencement of a gluten-free diet in the treatment of coeliac disease, 

longitudinal mucosal healing is usually assessed by intestinal biopsy. Circulating barrier 

dysfunction markers, especially I-FABP, may provide less invasive insights into the healing 

process. The current investigation assesses intestinal barrier integrity, as indicated by the featured 

markers, in the longitudinal mucosal healing of coeliac disease after patients began a gluten-free 

diet. Aside from I-FABP, other intestinal barrier dysfunction markers have not been well-

characterised in previous studies investigating mucosal healing in the treatment of coeliac disease. 

The adjunct effects of the steroid budesonide, as indicated by the featured markers and biopsy data 

indicative of mucosal healing, are also investigated. Budesonide promotes a local anti-

inflammatory effect that may support early mucosal healing, particularly in coeliac disease cases 

with overt malabsorption.155 The results may provide novel insights into the effect of budesonide 

on the intestinal mucosal barrier and associated biological mechanisms. The results will also 

confirm if featured markers are indeed useful to indicate mucosal healing in coeliac disease 

patients undergoing treatment. 

 

2.3.6 Chapter 9: Cross-sectional Analysis of Gastrointestinal Disease Cohorts and Healthy 

Controls  

 This chapter profiles featured markers of intestinal barrier dysfunction markers in different 

gastrointestinal diseases prior to any associated dietary or drug interventions. The cross-sectional 

analyses featured in this chapter determine whether singular markers or combinations of markers 

may be useful indicators of intestinal barrier dysfunction in gastrointestinal disease. 
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CHAPTER 3 

 

GENERAL MATERIALS AND METHODS 

 

3.1 Materials 

3.1.1 ELISA Assays 

Human intestinal fatty acid-binding protein/fatty 

acid-binding protein 2 (I-FABP/FABP2) 

R&D Systems, USA 

Human lipopolysaccharide binding protein (LBP) Hycult Biotech, The Netherlands 

Human soluble CD14 (sCD14) R&D Systems, USA 

Human syndecan-1 (CD138) Diaclone, France 

Human zonulin CUSABIO, China 

Human zonulin Immundiagnostik AG, Germany 

 

3.1.2 Protein Standards 

Haptoglobin 1-1 Sigma Chemical Company, USA 

Haptoglobin 2-2 Sigma Chemical Company, USA 

Recombinant zonulin produced by pFastBac1 Bac-

to-Bac Baculovirus Expression System 

Kindly provided by Dr. Alessio 

Fasano, manufactured by GenScript, 

USA 

Complement C3c Athens Research, USA 

Bovine serum albumin (BSA) Sigma Chemical Company, USA 
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3.1.3 SDS-PAGE and Immunoprecipitation Materials  

2-mercaptoethanol Sigma Chemical Company, USA 

Novex 16% Tris-Glycine Mini Gels, WedgeWell 

format, 15-well, 1.0 mm 

Life Technologies, USA 

Novex 8-16% Tris-Glycine Mini Gels, WedgeWell 

format, 15-well, 1.0 mm 

Life Technologies, USA 

Novex Mini Gel Tank Electrophoresis System Life Technologies, USA 

Novex Tris-Glycine Sodium Dodecyl Sulphate 

(SDS) Running Buffer (10X) 

Life Technologies, USA 

Novex Tris-Glycine Sodium SDS Sample Buffer 

(2X) 

Life Technologies, USA 

Precision Plus Kaleidoscope Prestained Protein 

Standards 

Bio-Rad Laboratories, USA 

 

3.1.4 Immunoblotting and Gel Staining Materials and Reagents 

Acetic acid Sigma Chemical Company, USA 

Ethanol Sigma Chemical Company, USA 

Goat anti-mouse haptoglobin IgG heavy + light 

chains (H+L) secondary antibody, Alexa Fluor 680 

conjugate 

Life Technologies, USA 

iBlot 2 Dry Blotting System Life Technologies, USA 
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iBlot2 Transfer Stacks, polyvinylidene difluoride 

(PVDF) membranes 

Life Technologies, USA 

Li-Cor/Odyssey infrared image system Li-Cor Biosciences, USA 

Mouse anti-human haptoglobin IgG monoclonal 

antibody (clone 26E11) 

AbFrontier, South Korea 

Pierce Silver Stain Kit Life Technologies, USA 

Pierce Tris-Buffered Saline with Tween 20 (TBST) 

Buffer (20X) 

Life Technologies, USA 

SimplyBlue SafeStain Life Technologies, USA 

 

3.1.5 Buffers and Solutions 

All solutions, including pre-manufactured assay, kit, and buffers detailed above, were 

prepared using Milli Q filtered (Millipore, USA) H2O according to the manufacturers’ protocols 

unless otherwise stated. Pre-made buffer solutions were diluted to 1X concentration with Milli Q 

filtered H2O before use unless otherwise stated. 

 

Blocking Solution 

This solution was prepared prior to use in immunoblotting experiments and consisted of a 

5% (w/v) solution of BSA in TBST.   
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Immunoprecipitation Buffer 

 This buffer was prepared prior to immunoprecipitation experiments. The buffer consisted 

of 50 µL of undiluted Novex Tris-Glycine SDS Sample Buffer (2X) and 1 µL of 2-

mercaptoethanol. 

 

Silver Stain Gel Fixation Solution 

This solution was prepared prior to use of the Pierce Silver Stain Kit. The solution consisted 

of 30% (v/v) ethanol and 10% acetic acid (v/v) in H2O. 

 

Silver Stain Gel Stopping Solution 

This solution was prepared prior to use of the Pierce Silver Stain Kit. The solution consisted 

of 5% (v/v) acetic acid in H2O. 

 

Silver Stain Gel Washing Solution 

This solution was prepared prior to use of the Pierce Silver Stain Kit. The solution consisted 

of 10% (v/v) ethanol in H2O. 

 

3.2 Patients and Controls 

 Samples of serum or plasma were collected from well-characterised patients and healthy 

individuals between the ages of 16 and 70 living in Melbourne, Australia. All patient samples were 

de-identified and featured in previous studies, which had been approved by respective ethics 

boards, peer-reviewed and published. Serum or plasma from peripheral blood were stored at -80 

ºC to maintain stability. All study participants gave written, informed consent. The thesis study 
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protocols were approved by the Monash University Human Research Ethics Committee in 

Melbourne, Australia and the use for the purposes of the current evaluation was likewise approved. 

Featured cohorts are further described in the following chapters. 

 

3.3 Methods 

3.3.1 ELISA Assays 

 Levels of circulating I-FABP, LBP, sCD14, syndecan-1 and purported zonulin were 

measured by commercial ELISA in duplicate according to the manufacturers’ protocols. Details 

of the assays and suppliers are shown in 2.1.1. The average coefficient of variation (CV) between 

duplicates was below 10%. Averages of duplicates were determined and absolute values are 

expressed in the following units: ng/mL for I-FABP, syndecan-1, and zonulin; µg/mL for LBP and 

sCD14. 

 

3.3.2 Determination of Solubilised Protein Standard Concentrations 

 Concentrations of solubilised protein standards were determined by NanoDrop 

Microvolume Spectrophotometer (Life Technologies, USA). A 2 µL sample of protein standard 

solution was pipetted on the instrument’s sample pedestal and protein concentration was measured 

by the instrument using an absorbance reading at 280 nm (A280) with background solution 

subtraction. Samples were measured in triplicate for each protein standard and the median sample 

concentration was used in subsequent experiments. 
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3.3.3. SDS-PAGE and Haptoglobin Phenotyping Immunoblots 

A protocol to determine the haptoglobin phenotypes of study participants by 

immunoblotting was adapted from information generously provided by Dr Alessio Fasano and 

Craig Sturgeon of the Harvard Medical School Celiac Research Program (USA). Serum proteins 

were separated by SDS-PAGE using the Novex Mini Gel Tank Electrophoresis System followed 

by dry transfer to PVDF membranes for use in immunoblotting. To prepare proteins for separation 

by SDS-PAGE, 1 µL of neat serum and approximately 5 µg of protein standards for human 

haptoglobin phenotypes 1-1 and 2-2 were combined with 2-mercaptoethanol and Novex Tris-

Glycine SDS Sample Buffer, heated at 100°C for 10 minutes, then added to wells of 16% Tris-

Glycine Mini Gels. Proteins were then transferred to PVDF membranes (as part of the iBlot 2 

Transfer Stacks) by the iBlot2 Dry Transfer Device.  Membranes were then blocked for 1 hour at 

room temperature or 4°C overnight in blocking solution. After blocking, mouse anti-human 

haptoglobin primary antibody at a 1:1000 dilution in blocking solution was added to membranes 

and left to incubate for 2 hours at room temperature or 4°C overnight. Membranes were then 

washed in TBST then incubated with fluorescent goat anti-mouse IgG (H+L) secondary antibody 

at a 1:5000 dilution in the dark for 30 minutes at room temperature. Membranes were then washed 

and imaged at 700 nm by the Li-Cor/Odyssey infrared image system.  

 

3.3.4 Immunoprecipitation of Serum Antigens Bound to Commercial Kit Antibodies 

To collect the target antigens of CUSABIO and Immundiagnostik zonulin commercial 

assays, protocols for the immunoprecipitation of the serum antigen-immobilised antibody complex 

were developed as previously described with modifications.156 Undiluted serum samples with high 

purported zonulin levels, as determined by each respective commercial assay, were selected as 
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antigen sources. Recombinant zonulin was selected as a positive control. Immunoprecipitation 

buffer was selected as a negative control. Biotinylated zonulin tracer, which competes with serum 

antigen in binding to immobilised plate antibodies of the Immundiagnostik assay, was also subject 

to the immunoprecipitation protocol to determine any potential interactions. 

Serum and controls were added to wells of both types of commercial assays in duplicate. 

Biotinylated zonulin tracer was also added to wells of the Immundiagnostik assay. Wells were then 

incubated and washed according to the manufacturers’ protocols for each assay to form any 

potential serum antigen-immobilised antibody complexes. To release bound antigens from the 

immobilised assay antibodies, 50 µL of heated immunoprecipitation buffer was then added to the 

duplicate wells containing serum, controls, or tracer, and incubated for 5 minutes. The initial 50 

µL of immunoprecipitation buffer was then transferred to the next set of duplicate wells containing 

sample, controls, or tracer and incubated for 5 minutes. The procedure was repeated in further 

wells to increase the concentration of any captured antigens for mass spectrometry analysis. 

 

3.3.5 Mass Spectrometric Preparation and Acquisition  

 Mass spectrometric preparation and acquisition was conducted by the Monash Biomedical 

Proteomics Facility in Clayton, Victoria, Australia. All experimental materials and methods 

detailed below were reported by study collaborators. Common abbreviations, with the exception 

of specific spectrometric software parameters and proper names of mass spectrometric equipment, 

are indicated. 

Immunoprecipitation samples were prepared for comparative mass spectrometry analysis. 

CUSABIO assay standard, Immundiagnostik tracer, and recombinant zonulin were assay standards 

selected for analysis. Samples and standards were reduced in 2.5mM dithiothreitol (DTT) at 50°C 
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for 30 minutes followed by alkylation with 10mM iodoacetamide for 30 minutes in the dark at 

room temperature. Following alkylation, a solution containing 1 µg trypsin (Promega Corp., USA) 

in 20mM ammonium bicarbonate was added and the samples incubated at 37°C overnight.  

Tryptic digests were analysed by liquid chromatography-mass spectrometry (LC-MS/MS) 

using the QExactive mass spectrometer (Thermo Scientific, Germany) coupled online with a 

RSLC Nano High Performance Liquid Chromatography (HPLC) Ultimate 3000 (Thermo 

Scientific, Germany). Samples were concentrated on a 100 µm, 2 cm nanoviper pepmap100 trap 

column with 98% buffer A (0.1% formic acid) at a flow rate of 15 µL/minute. The peptides then 

eluted and separated with a 50 cm Thermo RSLC pepmap100, 75 µm id, 100Å pore size, reversed 

phase nano column starting with 97.5% buffer A (0.1% formic acid) to 40% B (80% acetonitrile, 

0.1% formic acid) over a 30 minute gradient, at a flow rate of 250 nL/minute. The eluant was 

nebulised and ionised using the Thermo nano electrospray source with a distal coated fused silica 

emitter (New Objective, USA) with a capillary voltage of 1900V. Peptides were selected for 

tandem mass spectrometry (MS/MS) analysis in Full MS/dd-MS2 (TopN) mode with the following 

parameter settings: TopN 10, resolution 17500, MSMS AGC target 1e5, 120ms Max IT, NCE 27 

and 2 m/z isolation window.  

Data from LC-MS/MS run was exported to Mascot generic file format (*.mgf) using 

proteowizard 3.0.3631 (open source software, http://proteowizard.sourceforge.net) and searched 

against Swiss-Prot databases using the MASCOT search engine (version 2.4, Matrix Science Inc., 

UK) with all taxonomy selected. The following search parameters were used: missed cleavages, 

1; peptide mass tolerance, ± 10 ppm Da; peptide fragment tolerance, ± 0.02 Da; peptide charge, 

2+, 3+ and 4+; fixed modifications, carbamidomethyl; variable modification, oxidation (Met). 
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3.3.6 SDS-PAGE of Purported Zonulin Assay Immunoprecipitation Products and Protein 

Staining 

Proteins in immunoprecipitation samples were separated by SDS-PAGE and visualised by 

gel staining for comparison to protein standards that appeared as top matches in mass spectrometry 

analysis. Immunoprecipitation samples, 5 µg of haptoglobin standards, and 5 µg of complement 

C3c standard were combined with 2-mercaptoethanol, heated to 100°C for 10 minutes, then added 

to wells of 8-16% Tris-Glycine Mini Gels. Proteins were separated by SDS-PAGE using the Novex 

Mini Gel Tank Electrophoresis System, then stained with Pierce Silver Stain for 

immunoprecipitation products or Invitrogen SimplyBlue SafeStain, a Coomassie-based stain, for 

standards. Staining procedures were followed according to the manufacturers’ protocols. For silver 

staining, appropriate solutions for gel fixing, washing, and stopping solutions were prepared with 

the solutions detailed in section 2.1.5. 

 

 

3.4 Statistical Analysis 

 Statistical analyses were performed by IBM SPSS Statistics Version 24 (IBM Corp., USA) 

and GraphPad Prism 6 (GraphPad Software, USA). Figures were generated with GraphPad Prism 

6. Normality of distribution with regards to marker levels and clinical indicators in study cohorts 

were determined by Shapiro-Wilk tests. For repeated-measures pairwise comparisons, repeated-

measures t-tests were used for normally-distributed marker levels or Wilcoxon tests for 

nonparametric marker distributions. For cross-sectional pairwise comparisons, independent-

measures t-tests were used for normally-distributed marker levels and Mann-Whitney U tests were 

used for nonparametric marker distributions. Friedman’s tests were used for repeated-measures 
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comparisons between marker levels with at least one or more nonparametric distributions. Kruskal-

Wallis tests were used for cross-sectional comparisons between marker levels with one or more 

nonparametric distributions. All multiple pairwise comparisons, including those featured in 

figures, met criteria for statistical significance after controlling the false discovery rate (FDR) at 

5% unless otherwise stated.157 P-values of false discoveries are not included in figures. Pearson’s 

r correlations between marker data were performed when both variables had normal distributions, 

whereas Spearman’s r correlations were performed when either or both variables had 

nonparametric distributions. Bland-Altman plots were also used for comparative analyses between 

zonulin assays. All p-values were two sided and determined to be statistically significant at p≤0.05. 
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CHAPTER 4 

 

THE UTILITY OF SERUM ZONULIN AS A MARKER OF 

INTESTINAL BARRIER DYSFUNCTION 

 

4.1 Introduction 

As detailed in Chapter 1, the protein zonulin is capable of tight junction disassembly and 

is therefore implicated in the regulation of mucosal permeability through the paracellular pathway. 

It has received considerable attention for its potential involvement in the pathogenesis of 

gastrointestinal diseases and candidacy as a biomarker of intestinal barrier dysfunction. However, 

the strength of evidence that it is a specific, reliable serum marker of disease has yet to be 

examined. In the present study, the primary aim was to measure serum zonulin levels in patients 

with well-characterised NCWS, coeliac disease, and acute severe ulcerative colitis as well as 

healthy controls using commercial zonulin assays. However, due to methodological shortcomings 

in these assays, we sought to determine whether the assays are reliably detecting zonulin as 

prehaptoglobin-2 and if not, what they may be detecting instead. Along with the results from 

Chapter 5, the current results resolve whether serum zonulin, as measured by current commercial 

assays, is a useful marker of gastrointestinal dysfunction and mucosal barrier integrity. 
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4.2 Materials and Methods 

4.2.1 Patients and Controls 

 General information regarding study cohorts are detailed in Chapter 3.2. Specifics of 

gastrointestinal disease cohorts are detailed in Chapter 7 for individuals with NCWS and Chapter 

8 for newly diagnosed coeliac disease patients.  

 

4.2.1.1 Acute Severe Ulcerative Colitis Cohort 

Serum samples were obtained from a previous study of patients with acute severe ulcerative 

colitis as per modified Truelove-Witts criteria.158,159 The patients were between the ages of 18 and 

70 years and had not adequately responded to 400 mg/day intravenous hydrocortisone for at least 

3 days. All had severe inflammation based upon endoscopic criteria and faecal calprotectin as 

previously published.158 The study was examining the effect of infliximab infusions on serum 

infliximab concentrations and how they related to response. Only sera taken during the baseline 

period (when patients were on hydrocortisone but not infliximab) was evaluated in the current 

study.   

 

4.2.1.2 Healthy Control Cohort 

Healthy individuals (n=49) between the ages of 18 and 65 years were recruited from online 

and local advertisements. A screening questionnaire was used to evaluate the health of potential 

study participants. Individuals were excluded if they were on a gluten-free diet or believed they 

had an allergy or sensitivity to gluten. Other exclusion criteria included evidence of gastrointestinal 

disease, active infection or inflammation, immune abnormalities, diabetes, liver disease or known 

abnormal liver test results. Sera was extracted from peripheral blood collected at the Alfred 
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Hospital Department of Gastroenterology (Melbourne, Australia). Fasting serum samples were 

collected in the early morning before the study participants’ first meal. 

 

4.2.2 ELISA Assays 

  Information regarding ELISA assays and procedures are provided in Chapter 3.1.1 and 

3.3.1, respectively.  

 

4.2.3 Determination of Haptoglobin Phenotype   

 Procedures to determine haptoglobin phenotype in all study participants are outlined in 

Chapter 3.3.3. 

 

4.2.4 Recombinant Zonulin Protein Manufacturing and Acquisition 

A recombinant zonulin protein sequence from a foundational study confirming the identity 

of zonulin as prehaptoglobin-2 was generously provided by Dr. Alessio Fasano.154 Recombinant 

protein was produced by GenScript (Piscataway, NJ, USA) using the pFastBac1 Bac-to-Bac 

Baculovirus Expression System. These materials are detailed in Chapter 3.1.2. 

 

4.2.5 Statistical Analysis 

 Chapter 3.4 details general statistical analysis materials and methods used in this chapter. 
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4.3 Results 

4.3.1 Demographics of Study Participants and Haptoglobin Phenotyping 

 The details and haptoglobin phenotype of study participants are shown in Table 5. Typical 

immunoblot analysis of three subjects to determine whether individuals were able to produce 

zonulin is shown in Figure 5. The majority of study participants were zonulin-producers; 32 of 36 

(89%) individuals with NCWS, 34 of 37 (92%) patients with untreated coeliac disease, 19 of 20 

(95%) patients with ulcerative colitis, and 46 of 49 (94%) healthy individuals had the Hp2-1 or 

Hp2-2 phenotype (Table 1). The overall haptoglobin phenotype distribution of our 142 study 

participants was as follows: 11 (8%) were Hp1-1, 84 (59%) were Hp2-1, and 47 (33%) were Hp2-

2. These results are in accordance with previous studies that have determined haptoglobin 

phenotype distributions within study cohorts as well as in the general population. 46,160,161 

 

4.3.2 Serum Zonulin Levels Measured by Commercial Assay 

Concentrations of purported zonulin for cohorts of gastrointestinal disease and healthy 

individuals as determined by the CUSABIO assay are shown in Figure 6. Compared with the 

cohort of healthy individuals with a median (interquartile range [IQR]) of 0.00 (0.00) ng/mL, 

patient median (IQR) values for purported zonulin were elevated (all p<0.0001) at levels of 0.032 

(0.90) ng/mL in NCWS, 0.07 (1.27) ng/mL in coeliac disease, and 1.73 (2.17) ng/mL in ulcerative 

colitis. Levels in ulcerative colitis were higher than those in NCWS (p=0.004) and coeliac disease 

(p=0.005) with no significant differences between NCWS and coeliac disease. 

A limited number of patients had serum zonulin measured using the Immundiagnostik 

assay. There was a poor relationship between the results of the two commercially available assays.  
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Table 5. Demographics and haptoglobin phenotype of study participants. 
 

Subject group Number 

of 

subjects 

Mean age, 

years (SD) 

Female sex, 

n (%) 

 

Haptoglobin 

phenotype: Hp1-1; 

Hp2-1; Hp2-2; 

n (%) 

Non-coeliac wheat sensitivitya 36 42.6 (12.8) 30 (83) 4(11); 18 (50); 14 (39) 

Coeliac diseaseb 37 36.9 (15.7) 27 (73) 3 (8); 24 (65); 10 (27) 

Ulcerative colitisc 20 36.9 (11.5) 9 (45) 1 (5); 14 (70); 5 (25) 

Healthy 49 39.1 (12.9) 32 (65) 3 (6); 28 (57); 18 (37) 

     

aPatients had self-reported, non-coeliac wheat sensitivity and irritable bowel syndrome based on 

Rome III criteria, and did not have other significant gastrointestinal-related diseases. Coeliac 

disease was ruled out by the absence of HLA-DQ2 or HLA-DQ8 haplotype or by normal duodenal 

biopsy.36 

bPatients were newly diagnosed and on a gluten-free diet for less than 4 weeks. All had duodenal 

histology showing a maximum severity of at least Marsh IIIA lesion.162 

cPatients were hospitalised with acute severe disease, refractory to intravenous corticosteroid 

treatment and receiving medical rescue therapy with infliximab.158 
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Figure 5. Haptoglobin phenotyping analysis by immunoblot. Haptoglobin proteins in serum 
samples of patients and controls were detected by anti-haptoglobin polyclonal antibodies and 
compared to protein standards to determine phenotype. (A) depicts SDS-PAGE separation 
followed by Coomassie-based staining of haptoglobin standards and proteins in patient sera. The 
first two lanes from the left contain Hp1-1 and Hp2-2 protein standards, respectively. The third, 
fourth, and fifth lanes from the left contain study participant sera. As expected in sera, a high 
abundance of albumin protein was detected in the 66.5 kDa range. (B) depicts an immunoblot of 
the standards and study participant sera in which haptoglobin proteins are specifically detected by 
anti-haptoglobin polyclonal antibodies. The first lane from the left contains contains Hp1-1 
standard, which has a characteristic band at ~9 kDa representative of the haptoglobin α1 chain. The 
second lane from the left contains Hp2-2 standard, with slower migration bands at higher 
molecular weights representative of the haptoglobin α2 chain. Hp2-2, Hp1-1, and Hp2-1 
phenotypes were detected, in the third, fourth, and fifth lanes from the left, respectively. 
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Figure 6. Purported serum zonulin levels in zonulin-producers detected by CUSABIO 
ELISA assay. Levels of zonulin (ng/mL), as advertised, were determined in NCWS (n=36), 
coeliac disease, (n=37), and ASUC (n=20) patients as well as healthy individuals (n=49). 
Compared with the cohort of healthy individuals, patient zonulin levels were elevated (all 
p<0.0001). Levels in ulcerative colitis were higher than those in NCWS (p=0.004) and coeliac 
disease (p=0.005) with no significant differences between NCWS and coeliac disease. Red 
horizontal bars represent median levels for each cohort. Differences in levels between study 
cohorts were evaluated by Mann-Whitney U tests for nonparametric distributions.  
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No significant correlation between the same samples tested with both assays was observed (n=28, 

p=0.14, r=0.29; Figure 7A), nor was there significant agreement between the two methods of 

measurement (bias/average discrepancy between methods was -31.62 ng/mL, 95% limits of 

agreement were from -88.51 to 25.28 ng/mL; Figure 7B).  

 Recombinant zonulin as a positive control was not detected by either CUSABIO or 

Immundiagnostik assay reliably and no significant dose-responses or signals to saturated 

concentrations were observed. In addition, 2 of 19 participants who were zonulin non-producers 

had levels detected by CUSABIO assay. Thus, these results cast doubt on the validity of 

commercially-available zonulin assays to detect the recombinant protein. 
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Figure 7. Comparison of purported serum zonulin levels between CUSABIO and 
Immundiagnostik ELISA assays. Selected study samples (n=28), in which serum zonulin levels 
(ng/mL) were determined in both CUSABIO and Immundiagnostik ELISA assays were compared. 
(A) Correlation between the two assays (p=0.14, Spearman’s r=0.29). (B) Bland-Altman plot 
calculating difference in zonulin levels vs average of zonulin levels (bias/average discrepancy 
between methods was -31.62 ng/mL, 95% limits of agreement were from -88.51 to 25.28 ng/mL). 
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4.4 Discussion 

Due to its putative role in reversible tight junction disassembly, circulating concentration 

of zonulin has emerged as an increasingly popular biological marker of mucosal barrier integrity. 

Despite its wide use to assess intestinal mucosal barrier integrity in clinical conditions where a 

“leaky gut” is suspected, there has been limited information on zonulin levels in patients with 

gastrointestinal dysfunction. In the current study, sera from well-characterised patient cohorts and 

controls were used to assess zonulin’s utility as a serological marker of gastrointestinal dysfunction 

and intestinal mucosal barrier integrity. However, the current commercial assays had significant 

methodological inconsistencies, as detailed in this chapter.  

The first indicator of methodological inconsistency involved an inquiry into the assays’ 

capture antibodies. The epitope to which CUSABIO assay capture antibodies were raised remained 

unknown and enquiries to the manufacturer remained unanswered (communication with customer 

service, CUSABIO, Wuhan, China). In contrast, the alternative commercial assay by 

Immundiagnostik clearly indicated an epitope to which capture antibodies are raised 

(communication with customer service, Immundiagnostik AG, Bensheim, Germany). This epitope 

is GGVLVQPG, a peptide sequence synthetically manufactured as AT-1001 or larazotide acetate 

14,52,53. Although the purported zonulin receptor has an affinity for this epitope, it remained unclear 

whether the generation of capture antibodies raised to this sequence would bind to actual 

circulating zonulin. Another inconsistency was the assays’ apparent detection of zonulin in 

individuals bearing the Hp1-1 phenotype (i.e. in zonulin non-producers). There was also poor 

strength of relationship between both commercial assays advertised to detect the same protein 

(Figure 7). Taken together, these inconsistencies casted initial doubt on the utility of the 

commercial assays to detect circulating zonulin. 
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In order to confirm whether these assays are actually detecting zonulin, the recombinant 

zonulin protein as prehaptoglobin-2, which has been used in principal studies that characterise the 

protein and demonstrate its ability to decrease transepithelial electrical resistance, was tested in 

both assays.13 Dose-responses or signals to high concentrations were not observed; as such, the 

inability of recombinant zonulin to bind to captured antibodies was confirmed. In support of our 

ongoing observations, a publication was concurrently released which claimed that the 

Immundiagnostik assay was not detecting zonulin as advertised, but complement C3 instead.156 

Research efforts were then focused on determining the target antigens of these assays, which is 

detailed and further discussed in Chapter 5. 
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CHAPTER 5 

 

IDENTIFICATION OF TARGET ANTIGENS IN ZONULIN 

COMMERCIAL ASSAYS 

 
5.1 Introduction 

 As detailed in Chapter 4, methodological inconsistencies observed casted doubt on 

commercial zonulin ELISA assays to detect actual serum zonulin. The aim of the current chapter 

is to discover the potential identity of serological components captured by commercial zonulin 

assays. The nature of the assays’ detected antigen was investigated using immunoprecipitation 

followed by mass spectrometric analysis and SDS-PAGE followed by protein staining. The results 

confirm whether current commercial zonulin assays are detecting the actual protein. 

 

5.2 Methods 

 Immunoprecipitation experiments, followed by mass spectrometric preparation and 

acquisition, and protein staining of immunoprecipitation products are detailed in Chapter 3.3.4, 

3.3.5, and 3.3.6, respectively. 

 

5.3 Results 

5.3.1 Mass Spectrometry Analysis of Immunoprecipitated Proteins and Assay Standards 

The potential identity of serological components captured by both commercial assays was 

determined by mass spectrometry. A direct comparison approach was used instead of separating 

immunoprecipitated proteins by SDS-PAGE and excising certain bands of interest to conserve 
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patient serum samples and identify unknown quantities of proteins. The predominant proteins 

identified for each immunoprecipitation experiment are summarised in Table 6; major 

contaminants such as keratin, common background proteins, low confidence single peptide protein 

matches, and isoforms of matched proteins were excluded. 

Incubation with serum followed by immunoprecipitation yielded complement C3, 

haptoglobin, and albumin as top matches using the CUSABIO assay and complement C3 along 

with albumin as top matches using the Immundiagnostik assay. Incubation with recombinant 

zonulin followed by immunoprecipitation yielded haptoglobin and albumin as top matches using 

the CUSABIO assay and albumin using the Immundiagnostik assay. The negative control for both 

CUSABIO and Immundiagnostik assays yielded albumin as a top match along with nonspecific 

proteins.  

CUSABIO assay standard, Immundiagnostik tracer, and recombinant zonulin were also 

analysed by mass spectrometry. The most significant and abundant match for CUSABIO assay 

standard was bovine serum albumin. However, the composition of this product has not been 

published and, if a recombinant protein was present, the sequence will not have been in the 

database against which a search can be made. Aside from a collagen alpha protein, there was no 

strong match in the Immundiagnostik tracer. Similarly, the composition of this product is also 

unknown and may be a recombinant protein of unknown sequence or a non-protein formulation. 

The top match for recombinant zonulin was haptoglobin in addition to serum albumin and viral 

proteins associated with baculovirus expression systems. 
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Table 6. Identification of proteins immunoprecipitated from commercial zonulin ELISA 
assays by LC-MS/MS.  
 

Commercial 

Assay 

Incubation before 

immunoprecipitation 

Complement 

C3 

Haptoglobin Albumin 

CUSABIO Serum + +	 +	

 Zonulin -	 +	 +	

 Negative control -	 -	 +	

Immundiagnostik Serum +	 -	 +	

 Zonulin -	 -	 +	

 Negative control -	 -	 +	

  	 	 	

+, protein present; -, protein absent. 
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5.3.2 Immunoprecipitation Product Staining and Confirmation of Commercial Assays’ Inability 

to Bind Recombinant Zonulin 

Immunoprecipitated protein products and standards were separated by SDS-PAGE 

followed by gel staining for visualisation and are depicted in Figure 8. Protein standards of 

complement C3c, haptoglobin, and recombinant zonulin each show characteristic bands that were 

compared visually to immunoprecipitation products. The conserved complement C3 β-chain at 

approximately 70 kDa, the haptoglobin β-chain at 40 kDa, and the 47 kDa band indicative of 

recombinant zonulin are clearly indicated by Coomassie stain (Figure 8A). Since the concentration 

of immunoprecipitation protein products detected by LC-MS/MS was unknown, silver stain was 

chosen as a more sensitive technique for protein visualisation. The results of staining the 

immunoprecipitated protein products corresponded to those of the candidate proteins indicated by 

mass spectrometry. Staining of immunoprecipitated protein products from incubation of the 

CUSABIO assay with serum revealed distinct bands at 70 kDa, 65 kDa, and 40 kDa, suggestive 

of the complement C3 β-chain, albumin, and the haptoglobin β-chain, respectively (Figure 8B, 

Lane 1). The complement C3 β-chain at 70 kDa, albumin at 65 kDa, and faint staining below 50 

kDa appeared in the immunoprecipitation sample from incubation of the Immundiagnostik assay 

with serum (Figure 8B, Lane 2). Addition of recombinant zonulin to assays prior to 

immunoprecipitation did not yield significant protein products, which confirms the assays’ 

inability to capture recombinant zonulin (Figure 8B, Lanes 3 and 4). Mass spectrometry analysis 

for the immunoprecipitated product of CUSABIO capture antibodies incubated with zonulin 

indicated haptoglobin as a top match, but in trace amounts. Staining of negative control  
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Figure 8. Visualisation of immunoprecipitated protein products and standards. (A) depicts 5 
µg of human complement C3c, HP1-1, HP2-2 and recombinant zonulin (Zon) standards separated 
by SDS-PAGE and stained with Coomassie gel stain. Characteristic bands of standards include the 
conserved C3c β-chain at 70 kDa, the haptoglobin β-chain at 40 kDa, and the 47 kDa band 
indicative of recombinant zonulin. (B) Silver staining of immunoprecipitated protein samples 
detected by LC-MS/MS. Lanes (1) and (2) contain immunoprecipitated proteins from incubation 
with serum in commercial assays. Lane (1) contains serum proteins captured by CUSABIO assay, 
which includes complement C3 and haptoglobin as identified by mass spectrometry. Bands at 70 
kDa, suggestive of complement C3, and haptoglobin at 40 kDa are present. Lane (2) contains 
serum proteins captured by Immundiagnostik assay, which includes complement C3 as identified 
by mass spectrometry. Lanes (3) and (4) contain immunoprecipitated product from incubation of 
commercial kits with recombinant zonulin. Lane (3), which includes immunoprecipitated product 
captured by CUSABIO assay, contains trace amounts of protein around the 45-65 kDa range. Mass 
spectrometry results also indicated a small amount of haptoglobin, which remained undetected by 
silver stain. Lane (4) contained immunoprecipitated product captured by Immundiagnostik assay; 
no significant detectable proteins aside from albumin were detected by mass spectrometry or 
indicated by silver stain. 
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immunoprecipitated products from both commercial assays indicated a wide array of nonspecific 

proteins, which corresponded to results from mass spectrometry analysis. 

 

5.3.3 Determination of Whether Candidate Proteins Detected by Mass Spectrometry are Also 

Detected by CUSABIO Assay 

We sought to determine whether candidate proteins detected by mass spectrometry (i.e. 

complement C3 and haptoglobin) are also detected by the CUSABIO assay. We spiked 

complement C3c, haptoglobin 1-1, and haptoglobin 2-2 standards into the CUSABIO assay and 

did not observe any dose-responses or reactivity to saturated concentrations. 

 

5.4 Discussion 

 As examined in Chapter 5, methodological inconsistencies indicated that actual zonulin 

protein is not detected by the commercial assays applied. Research efforts, as detailed in the current 

chapter, focused on determining the identity of serological proteins that the commercial kits were 

detecting instead. Using an adapted protocol, the captured serum antigens as well as other 

components from both assays were immunoprecipitated then analysed by mass spectrometry. Our 

results paralleled those of the concurrent publication by Scheffler et al. (previously discussed in 

Chapter 4), as the top match for the Immundiagnostik assay immunoprecipitation product when 

incubated with serum was complement C3.156 The serum protein product immunoprecipitated from 

the CUSABIO assay was best matched with haptoglobin and complement C3. However, addition 

of recombinant zonulin to both assays did not yield any significant immunoprecipitated protein 

product as indicated by silver staining (Figure 8B, Lanes 3 and 4). Trace amounts of haptoglobin 

were detected by mass spectrometry and very slight silver staining was observed for the CUSABIO 
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assay immunoprecipitated product as a result of incubation with recombinant zonulin (Figure 8B, 

Lane 3). Albumin was the only significant mass spectrometry match and no visual staining was 

observed for the Immundiagnostik assay immunoprecipitated product as a result of incubation with 

recombinant zonulin (Figure 8B, Lane 4). These results confirmed that the current commercial 

assays are not detecting the protein as advertised and were sufficient evidence to discontinue any 

further testing of our cohorts and use of our resources. 

A follow-up publication by Scheffler et al. took further steps in the characterisation of 

captured antigens.160 However, they found that the principal mass spectrometry candidate protein, 

complement C3, was not detected by the immunoassay. Instead, properdin, a complement-

associated and “zonulin-like” protein emerged as the likely candidate of assay detection. Properdin 

was not detected in our mass spectrometry results for either assay and was a low abundance match 

in the group’s mass spectrometry results. The group found that Immundiagnostik assay antibodies 

as well as antibodies raised to recombinant zonulin cross-reacted to this protein, which is of a 

similar molecular weight (~50 kDa) compared to zonulin. As such, results remain inconclusive, 

indicating the necessity of additional studies to establish the true identity of target proteins 

associated with the Immundiagnostik assay, which they assume to be part of the zonulin family.  

Our results also hold the same conclusion for the inefficacy of the CUSABIO assay, which 

does not detect recombinant zonulin. In addition, neither complement C3 nor haptoglobin, despite 

both being candidate target proteins as determined by mass spectrometry, was detected by the 

CUSABIO assay. Consequently, we are unable to make valid interpretations of our results with 

respect to our study cohorts (Figure 6). However, we found this assay to have a different capture 

antibody than the Immundiagnostik assay, which differs from conclusions made by Scheffler et al. 

In both primary and follow-up publications, the authors list a table with studies that use the 
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Immundiagnostik assay with a note that “the kit sold by other companies (e.g., ALPCO) is the 

same as the Immundiagnostik kit.”156,160 Our results do not agree with this claim, as there was poor 

strength of relationship between both commercial assays (Figure 7) and the immunoprecipitation 

protein products of both assays differed (Figure 8). This indicates distinctive capture antibodies 

for both commercial assays. 

Complement-associated and haptoglobin proteins share similar homology, and both 

complement C3 and haptoglobin have also been detected together as candidate serological 

biomarkers by mass spectrometry in an extra-intestinal study.163-165 The a-chain of haptoglobin 

contains a complement control protein domain, which is a characteristic component of proteins 

involved in the regulation of complement (e.g., complement factors H and C1r, mannose-binding 

lectin-associated serine proteinases and C1 receptor).164,166 Prohaptoglobin is cleaved by 

complement C1r-like protein, though it does not cleave to the preform of C1s, which is a similar 

protein to prehaptoglobin-2.10,47 It has been, therefore, hypothesised that the activity of Cr-like 

protein modulates zonulin production.10 As such, the close association and shared homology 

between haptoglobin and complement-associated proteins introduces difficulty in the 

identification of specific markers by current methods and their roles in the mechanisms of disease. 

Recent studies show a potential role for complement C3, which is synthesised by murine intestinal 

epithelial cells, in modulating intestinal barrier integrity.167,168 Whether complement C3 acts in 

synergy with or is independent of the proposed zonulin pathway in the modulation of the intestinal 

epithelial barrier is an avenue for further study. 

In conclusion, the current commercial zonulin ELISA assays investigated in this study 

detect different proteins, neither of which was zonulin. Therefore, there can be no value of 

circulating concentrations in assessing intestinal mucosal barrier dysfunction and permeability 
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until the target proteins are indeed identified. The identification of such anomalies should be 

highlighted to researchers to avoid wasting expenditure of time, money, and precious clinical 

samples. A monoclonal antibody directed towards human zonulin has been developed for use in 

western blot analysis, as indicated in the methods of Scheffler et al., though screening zonulin 

levels by this method of analysis is less quantitative and not preferable for use in the clinical setting 

compared to an ELISA assay.160 Commercial ELISA detection methodology may be improved 

with the development of specific and reliable monoclonal capture and detection antibodies to 

recombinant zonulin/prehaptoglobin-2 protein. Until assay methodology is improved, we urge the 

greater scientific and medical community to exercise caution in considering the measurement of 

serum zonulin as a marker of intestinal barrier dysfunction and permeability.  
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CHAPTER 6 

 

ASSESSMENT OF INTESTINAL BARRIER INTEGRITY IN 

EXERCISE-INDUCED GASTROINTESTINAL DAMAGE 

 

6.1 Introduction 

 Prolonged physical exertion has been demonstrated to induce damage in the 

gastrointestinal tract. As previously detailed in Section 1.3.2.4 and Figure 3, mechanisms of 

damage include those in circulatory-gastrointestinal and neuroendocrine-gastrointestinal 

pathways. The primary cause of intestinal barrier damage is a prolonged redistribution of blood 

flow from the gut, which leads to an ischaemic state. As a result, individuals may experience 

mucosal damage, epithelial injury, and microbial translocation, which may contribute to the onset 

of acute (e.g. septic shock, ischaemic colitis) and chronic (e.g. IBD, chronic fatigue) health 

complications.  

 Heat is a primary factor that contributes to the effects of ischaemic stress in exercise-

induced gastrointestinal damage. There is current evidence that exercise in hot ambient 

temperatures exacerbates stress damage through both pathways, as outlined in Figure 3.40 The 

neuroendocrine-gastrointestinal pathway may also be affected by heat, as stress hormone (i.e., 

cortisol) and catecholamines are released due to heightened ambient temperatures, which increase 

sympathetic nervous system drive.169 This process directly affects gut motility, transit, and nutrient 

transporter activity, leading to malabsorption. An increased sympathetic drive may also contribute 

to damage associated with the circulatory-gastrointestinal pathway, as it exerts an inhibitory effect 



	

 110 

over gastrointestinal muscle and mucosal secretion, and also decreases local splanchnic blood flow 

by vasoconstriction.170 The central nervous system (CNS), which plays a direct role in core body 

temperature control, also modulates motor output and central drive in high heat environments, 

which may influence splanchnic blood flow.171 Taken together, these processes promote an 

ischaemic state associated with circulatory-gastrointestinal pathway damage. 

 Diet is an additional factor that may modulate intestinal barrier damage due to 

gastrointestinal ischaemic stress. In murine models, dietary supplementation with the amino acids 

L-arginine as well as glutamine prevented increases in intestinal permeability during exercise 

under heat stress, which appeared independent of core body temperature regulation by the 

CNS.172,173 However, there is currently insufficient evidence in human trials to suggest any lasting, 

substantial benefits of amino acid supplementation. The most promising evidence of a dietary 

intervention to prevent symptoms of exercise-induced gastrointestinal damage involves the 

reduction of FODMAPs. A recent case study of an ultramarathon athlete, who was susceptible to 

experience post-exercise gastrointestinal symptoms, found that following a short-term (i.e., 6 day) 

low-FODMAP diet prior to physical training improved symptoms in comparison with the athlete’s 

habitual diet.174 Whether symptom improvement relates to physiological processes of intestinal 

barrier damage remains unknown; there have been no comprehensive trials of exercise-induced 

gastrointestinal damage to date that investigate the effects of FODMAPs on gastrointestinal 

symptoms and markers of intestinal barrier dysfunction and microbial translocation. 

 The aims of the research in this chapter are to determine the effects of a) heat stress and b) 

FODMAPs on the intestinal barrier, as indicated by featured circulating markers of dysfunction 

and microbial translocation, in a model of exercise-induced gastrointestinal damage. In this model, 

otherwise healthy athletes were subject to 2 hours of running at 60% VO2max, which was 
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determined as a cut-off level for gastrointestinal damage regardless of fitness by a recent review.40 

The inquiry into heat stress seeks to characterise marker levels that have not yet been measured 

(i.e. purported zonulin, syndecan-1, LBP and sCD14) in experimental trials of exercise-induced 

gastrointestinal damage. Investigating the effects of a low-FODMAP diet in this model of damage 

may provide insights into the diet’s utility in preserving intestinal barrier integrity. The evidence 

of both trials will provide insights into the utility of markers in longitudinal studies and characterise 

mechanisms of ischaemic stress related to the intestinal mucosal barrier. Since individuals subject 

to experimental trials were otherwise healthy, this model of induced gastrointestinal damage 

provides a unique opportunity to study the effects of ischaemic stress in the absence of prior 

inflammation and gastrointestinal disease.  

  

6.2 Materials and Methods 

6.2.1 Study Participants and Protocols 

Plasma samples were available from two trials investigating exercise-induced gastrointestinal 

syndrome at the Monash University Be Active Sleep Eat (BASE) Facility in Notting Hill, Victoria, 

Australia. The first study investigated the effects of exertional stress in different ambient 

temperatures on gastrointestinal integrity, gastrointestinal symptoms, systemic endotoxin, and 

cytokine profile.102 Healthy trained athletes (n=6) were subject to exercise interventions of 2 hours 

of running at 60% maximal oxygen update (VO2max), which was previously determined as a 

threshold for gut damage.40 All participants exercised at approximately 20 ºC, 30 ºC, and 35 ºC 

ambient temperature conditions with 4-6% relative humidity in a cross-over study in which the 

order of temperatures was randomised. There was a 1-week washout period between exercise 

periods. Study participants were not heat-acclimatised prior to the trials and interventions were 
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conducted over cooler seasonal periods (with outdoor temperatures consistently below 20 ºC) to 

avoid seasonal heat acclimatisation. Exclusion criteria for study participants was as previously 

described.175 Before each experimental trial, participants were provided a low-FODMAP diet for 

24 hours and refrained from strenuous exercise for 48 hours; compliance was determined by a 

dietary and exercise log. Water intake was provided ad libitum to minimise the occurrence of 

gastrointestinal symptoms, as participants did not undergo prior gut-training with set fluid 

volumes.175,176  

Plasma was obtained from peripheral blood of the participants just prior to and at the end of 

the exercise intervention. Thus, paired plasma samples were evaluated in the present study under 

the following conditions: 

• Pre- and post-exercise at 20 ºC  

• Pre- and post-exercise at 30 ºC 

• Pre- and post-exercise at 35 ºC 

The second study investigated the effects of FODMAPs on exercise-induced gastrointestinal 

syndrome. Healthy trained athletes (n=15) were subject to two experimental trials in which they 

consumed low- or high-FODMAP diets the day before running on a treadmill at 60% VO2max for 

2 hours in 35 ºC heat. The experimental trials were assigned to study participants in a random order 

usually conducted one week apart. Plasma was obtained from peripheral blood of the participants 

just prior to and at the end of each exercise intervention. Participants completed an initial 

assessment prior to commencing experimental trials that included anthropometrical measures and 

a maximal aerobic exercise test on a treadmill. The specific dietary interventions for the two 

experimental trials were as follows:  

• Low-FODMAP experimental trial 
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o Low-FODMAP (<5 g/day) foods consumed the day before experimental trial, 

which were inclusive of breakfast, lunch, dinner, and snacks. 

o A low-FODMAP breakfast consumed 2 hours before the experimental trial. 

o A low-FODMAP recovery beverage consumed within 30 minutes post-exercise. 

• High-FODMAP experimental trial 

o High-FODMAP (>50 g/day) foods consumed the day before experimental trial, 

which were inclusive of breakfast, lunch, dinner and snacks. 

o A high-FODMAP breakfast consumed 2 hours before the experimental trial. 

o A high-FODMAP recovery beverage consumed within 30 minutes post exercise. 

Water intake was set at 12 mL/kg per day for each intervention. Participants refrained from 

strenuous exercise, alcohol, and non-steroidal anti-inflammatory medications for 48 hours prior to 

each experimental trial. Participants also refrained from consuming any dietary supplements, 

including probiotics, one month prior to and during the study. Compliance was determined by a 

dietary and exercise log.  

 

6.2.2 Commercial Assays 

 Levels of featured plasma protein markers were determined by commercially-available 

ELISA assays. Details of assays are indicated in Section 3.1.1 and assay methodology is indicated 

in Section 3.3.1.  

 

6.2.3 Statistical Analysis 

 Chapter 3.4 details general statistical analysis materials and methods used in this chapter. 

The following results in Section 6.3 report specific methods used for analysis.  
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6.3 Results 

6.3.1 Heat Stress Trials 

 Absolute levels of featured protein markers pre- and post-exercise were determined for 

each participant in ambient temperature trials at 20 °C, 30 °C, and 35 °C. The results are reported 

in the figures of this section, wherein each individual colour represents a particular study 

participant. Pre- and post-exercise percent changes were also determined for each protein marker 

and temperature intervention. Correlations between markers were also reported.  

 

6.3.1.1 Purported Zonulin 

 Purported zonulin levels were investigated in this cohort prior to commercial assay 

verification, as detailed in Chapter 5. Figure 9A-C depicts pre- and post-exercise absolute levels 

of purported zonulin (ng/mL) of study participants in each temperature intervention. Shapiro-Wilk 

tests indicated a normal distribution of absolute purported zonulin levels in all temperature 

interventions. As indicated by paired t-tests, participants had significant increases in purported 

zonulin levels pre- to post-exercise in the 20 °C (p=0.021) and 35 °C (p=0.030) conditions. A 

significant difference in purported zonulin levels pre- and post-exercise intervention was observed 

(F(1,5)=20.42, p=0.0063), as indicated by two-way repeated measures analysis of variance 

(ANOVA). However, temperature intervention yielded no significant difference in purported 

zonulin levels. No interaction was observed between exercise and temperature interventions.  
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Figure 9. Absolute levels and percent change of purported plasma zonulin in a model of 
exercise-induced gastrointestinal damage subject to varying ambient temperatures. Figures 
represent pre- and post-exercise purported plasma zonulin absolute levels (ng/mL), measured by 
CUSABIO assay, of healthy athletes (n=6) who ran for 2 hours at 60% VO2max in different ambient 
temperature interventions. (A) indicates absolute zonulin levels at 20°C (B) at 30 °C, and (C) at 
35 °C. Significant differences between pre- and post-exercise purported plasma zonulin levels 
were detected in 20 °C (p=0.021) and 35 °C (p=0.030) interventions. Each colour represents the 
results of an individual study participant. (D) indicates pre- and post-exercise percent change of 
plasma zonulin levels in each temperature intervention. No significant differences in percent 
changes of purported zonulin levels were observed between temperature interventions. Bars 
represent means with standard deviations. 
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Percent changes pre- and post-exercise for each temperature intervention are shown in 

Figure 9D. Shapiro-Wilk tests indicated normal percent change distributions of purported zonulin 

levels in 20 °C and 30 °C conditions and a nonparametric percent change distribution of levels in 

the 35 °C condition. Positive median percent changes were observed in each temperature 

intervention; participants expressed the highest median percent change (IQR) of purported zonulin 

in the 20 °C intervention at 61% (119%), followed by the 35 °C intervention at 46% (218%), and 

the 30 °C intervention at 46% (140%). Percent changes between temperature interventions were 

not significantly different, as indicated by Friedman’s test as well as paired t-tests and Wilcoxon 

tests.  

 

6.3.1.2 Syndecan-1 

 Figure 10A-C depicts pre- and post-exercise absolute levels of syndecan-1 (ng/mL) of 

study participants in each temperature intervention. Shapiro-Wilk tests indicated nonparametric 

distributions of absolute syndecan-1 levels in all temperature interventions. Participants had 

significant increases in syndecan-1 levels pre- to post-exercise in all temperature interventions 

(p=0.031 for all interventions), as indicated by Wilcoxon tests. A significant difference in 

syndecan-1 levels pre- and post-exercise intervention was observed (F(1,5)=8.61, p=0.033), as 

indicated by two-way repeated measures ANOVA. However, temperature intervention yielded no 

significant difference in syndecan-1 levels. No interaction was observed between exercise and 

temperature interventions.   
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Figure 10. Absolute levels and percent change of plasma syndecan-1 in a model of exercise-
induced gastrointestinal damage subject to varying ambient temperatures. Pre- and post-
exercise plasma syndecan-1 absolute levels (ng/mL) of healthy athletes (n=6) who ran for 2 hours 
at 60% VO2max in different ambient temperature interventions. (A) Indicates absolute syndecan-1 
levels at 20 °C (B) at 30 °C, and (C) at 35 °C. Participants had significant increases pre- to post-
exercise in all temperature interventions (p=0.031).  Each colour represents the results of an 
individual study participant. (D) indicates pre- and post-exercise percent changes of plasma 
syndecan-1 levels in each temperature intervention. No significant differences in percent changes 
of syndecan-1 levels were observed between temperature interventions. Bars represent medians 
with IQRs. 
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Percent changes pre- and post-exercise for each temperature intervention are shown in 

Figure 10D. Shapiro-Wilk tests indicated nonparametric percent change distribution of syndecan-

1 levels in 20 °C and 30 °C conditions and a normal percent change distribution of levels in the 35 

°C condition. Positive median percent changes were observed in each temperature intervention. 

Participants expressed the highest median percent change (IQR) of syndecan-1 in the 35 °C 

intervention at 39% (64%), followed by the 20 °C intervention at 14% (64%), and the 30 °C 

intervention at 14% (64%). Percent changes between interventions were not significantly different, 

as indicated by Friedman’s test as well as Wilcoxon tests.  

 

6.3.1.3 I-FABP 

 Pre- and post-exercise absolute I-FABP levels (ng/mL) of study participants in each 

temperature intervention were previously reported by collaborators and adapted into Figure 11A-

C.102 Shapiro-Wilk tests indicated normal distributions in both 20 °C and 35 °C temperature 

interventions and a nonparametric distribution in the 30 °C intervention. Participants had 

significant increases in plasma I-FABP levels pre- to post-exercise in all temperature interventions, 

as indicated by paired samples t-tests in the 20 °C (p=0.0133) and 35 °C (p=0.0121) interventions 

and by Wilcoxon test in the 30 °C (p=0.0312) intervention. As indicated by two-way repeated 

measures ANOVA, a significant difference in I-FABP levels pre- and post-exercise intervention 

was observed (F(1,5)=17.13, p=0.0090). A significant difference in I-FABP levels was also 

observed in temperature intervention (F(2,10)=7.89, p=0.0088). There was a significant interaction 

observed between exercise and temperature interventions (F(2,10)=8.154, p=0.0079). As 

predicted, heat exacerbated increases in I-FABP levels during exercise interventions.  
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Figure 11. Absolute levels and percent change of plasma I-FABP in a model of exercise-
induced gastrointestinal damage subject to varying ambient temperatures. Pre- and post-
exercise plasma I-FABP absolute levels (ng/mL) of healthy athletes (n=6) who ran for 2 hours at 
60% VO2max in different ambient temperature conditions are represented. (A) indicates I-FABP 
levels at 20 °C (B) at 30 °C, and (C) at 35 °C. Study participants showed significant increases pre- 
to post-exercise in all temperature interventions. Each colour represents the results of an individual 
study participant. Graphs were adapted from previously published data.102 (D) indicates pre- and 
post-exercise percent changes of I-FABP levels in each temperature intervention. Significant 
percent changes were found between the 20 °C and 35 °C interventions (p=0.0089) and between 
the 30 °C and 35 °C interventions (p=0.0075) as indicated by paired t-tests. Bars represent means 
with SEM.   



	

 120 

Percent changes pre- and post-exercise for each temperature intervention are shown in 

Figure 11D. Positive percent changes of I-FABP levels were observed in each temperature 

intervention, as shown in Figure 3D. Shapiro-Wilk tests indicated normal distributions of percent 

change in I-FABP levels across all temperature interventions. Participants expressed the highest 

mean percent change ± standard error of the mean (SEM) of I-FABP in the 35 °C intervention at 

841% ± 122%, followed by the 30 °C intervention at 203% ± 74%, and the 20 °C intervention at 

202% ± 54%. A one-way repeated measures ANOVA showed that the effect of temperature on the 

percent change of I-FABP levels was significant, F(2,5)=15.56, p=0.0037. Significant percent 

changes were found between the 20 °C and 35 °C interventions (p=0.0089) and between the 30 °C 

and 35 °C interventions (p=0.0075) as indicated by paired t-tests.  

 

6.3.1.4 LBP 

 Figure 12A-C depicts pre- and post-exercise absolute levels of plasma LBP (µg/mL) of 

study participants in each temperature intervention. Shapiro-Wilk tests indicated normal 

distributions in both 30 °C and 35 °C temperature interventions conditions and a nonparametric 

distribution in the 20 °C intervention. No significant differences in plasma LBP levels pre- to post-

exercise were observed as indicated by paired t-tests and Wilcoxon tests. No significant differences 

in LBP levels were observed in exercise or temperature interventions as indicated by a two-way 

repeated measures ANOVA. However, a significant interaction was observed between exercise 

and temperature interventions (F(2,10)=4.787, p=0.035). The effect of heat on exercise 

intervention increased LBP levels. 

Percent changes pre- and post-exercise for each temperature intervention are shown in 

Figure 12D. Shapiro-Wilk tests indicated normal distributions in all temperature interventions.  
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Figure 12. Absolute levels and percent change of plasma LBP in a model of exercise-induced 
gastrointestinal damage subject to varying ambient temperatures. Pre- and post-exercise 
plasma LBP absolute levels (µg/mL) of healthy athletes (n=6) who ran for 2 hours at 60% VO2max 
in different ambient temperature conditions are represented. (A) indicates LBP levels at 20 °C (B) 
at 30 °C, and (C) at 35 °C. Study participants did not show significant increases pre- to post-
exercise in any temperature intervention. Each colour represents the results of an individual study 
participant. (D) indicates pre- and post-exercise percent changes of LBP levels in each temperature 
intervention. No significant differences in percent changes of LBP levels were observed between 
temperature interventions. Bars represent means with SEM. 
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Participants expressed the highest mean percent change ± SEM of LBP in the 35 °C intervention 

at 95% ± 51%, followed by the 20 °C intervention at 11% ± 15%, and the 30 °C intervention at 

5% ± 12%. Percent changes between temperature interventions were not significantly different, as 

indicated by repeated-measures ANOVA and paired t-tests. 

 

6.3.1.5 sCD14 

 Figure 13A-C depicts pre- and post-exercise absolute levels of sCD14 (µg/mL) for each 

study participant in the ambient temperature interventions. Shapiro-Wilk tests indicated normal 

distributions in the 30 °C intervention and a nonparametric distribution in both 20 °C and 30 °C 

interventions. No significant differences in plasma sCD14 levels pre- to post exercise were 

observed in any temperature intervention as indicated by paired t-tests and Wilcoxon test. No 

significant differences in sCD14 levels were observed in exercise or temperature interventions as 

indicated by a two-way repeated measures ANOVA. No significant interaction was observed 

between exercise and temperature interventions. 

Percent changes pre- and post-exercise for each temperature intervention are shown in 

Figure 13D. Shapiro-Wilk tests indicated normal distributions in 20 °C and 30 °C interventions 

and a nonparametric distribution in the 35 °C intervention. Participants expressed the highest 

median percent change (IQR) in the 35 °C intervention at 27% (51%), followed by the 30 °C 

intervention at -0.92% (49%), and the 20 °C intervention at -9% (56%). Percent changes between 

temperature interventions were not significantly different, as indicated by repeated-measures 

analysis of variance (ANOVA) and paired t-tests. 
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Figure 13. Absolute levels and percent change of plasma sCD14 in a model of exercise-
induced gastrointestinal damage subject to varying ambient temperatures. Pre- and post-
exercise plasma sCD14 levels (µg/mL) of healthy athletes (n=6) who ran for 2 hours at 60% 
VO2max in different ambient temperature conditions are represented. (A) indicates sCD14 levels at 
20 °C (B) at 30 °C, and (C) at 35 °C. Study participants did not show significant increases pre- to 
post-exercise in temperature intervention. Each colour represents the results of an individual study 
participant. (D) indicates pre- and post-exercise percent changes of sCD14 levels in each 
temperature intervention. No significant differences in percent changes of sCD14 levels were 
observed between temperature interventions. Bars represent medians with IQRs. 
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6.3.1.6 Marker Correlations  

 Change in pre- to post-exercise levels, post-exercise, and percent change of marker levels 

were correlated in each intervention for study participants. No significant marker correlations were 

found for change in pre- and post-exercise levels or percent change. A significant correlation of 

post-exercise levels between I-FABP and sCD14 was observed (r=-0.943, p=0.017, n=6). 

 

 6.3.2 FODMAP Dietary Trials 

 Absolute levels of featured protein markers pre- and post-exercise were determined for 

every participant in each FODMAP experimental trial. Pre- and post-exercise percent changes 

were also determined for each protein marker and FODMAP experimental trial. Correlations 

between markers were also reported. Purported zonulin results are not available, as experiments 

for this cohort commenced after zonulin commercial assay verification, as detailed in Chapter 5. 

Differences in sample size amongst markers (i.e., difference in syndecan-1 sample size compared 

with other markers) was due to lack of plasma available for testing; these differences are indicated 

in each individual section.  

 

6.3.2.1 Syndecan-1 

 Figure 14A and B depicts pre- and post-exercise absolute values of syndecan-1 (ng/mL) 

for each study participant in low- (n=12) and high- (n=13) FODMAP dietary interventions. 

Shapiro-Wilk tests indicated normal distributions in the low-FODMAP intervention and a 

nonparametric distribution in the high-FODMAP distribution. Significant differences of levels  
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Figure 14. Absolute levels and percent change of plasma syndecan-1 in a model of exercise-
induced gastrointestinal damage subject to low- and high-FODMAP dietary interventions. 
Pre- and post-exercise plasma syndecan-1 levels (ng/mL) of healthy athletes who ran for 2 hours 
at 60% VO2max in 35 °C heat and underwent low- (n=12) and high- (n=13) FODMAP dietary 
interventions are represented. (A) indicates pre- and post-exercise plasma syndecan-1 levels during 
the low-FODMAP intervention and (B) represents pre- and post-exercise plasma syndecan-1 levels 
during the high-FODMAP intervention. Significant differences pre- to post-exercise were detected 
in both low-FODMAP (p=0.0042) and high-FODMAP (p=0.0005) dietary interventions, as 
indicated by paired t-test and Wilcoxon test, respectively. Each colour represents the results of an 
individual study participant.  
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were observed pre- to post-exercise in both low-FODMAP (p=0.0042) and high-FODMAP 

(p=0.0005) interventions, as indicated by paired t-test and Wilcoxon test, respectively. A 

significant difference pre- and post-exercise intervention was observed (p=0.011), but not for 

dietary intervention, as indicated by two-way repeated measures ANOVA (n=11). No interaction 

was found between exercise and FODMAP interventions. 

Percent changes pre- and post-exercise for each dietary intervention (n=11) were 

determined. Shapiro-Wilk tests indicated nonparametric distributions in the dietary interventions. 

Participants expressed the highest median percent change (IQR) of syndecan-1 levels in the low-

FODMAP intervention at 33% (120%) followed by the high-FODMAP intervention at 29% 

(174%). Percent changes between dietary interventions were not significantly different, as 

indicated by Wilcoxon test. 

 

6.3.2.2 I-FABP 

 Figure 15A and B depicts pre- and post-exercise absolute levels of I-FABP (ng/mL) for 

each study participant in low- and high-FODMAP dietary interventions. Shapiro-Wilk tests 

indicated nonparametric distributions in both low- and high-FODMAP interventions. Significant 

differences of levels were observed pre- to post-exercise in both low-FODMAP (p=0.0085) and 

high-FODMAP (p=0.0031) interventions, as indicated by Wilcoxon tests. A significant difference 

pre- and post-exercise intervention was observed (p=0.0031), but not for dietary intervention, as 

indicated by two-way repeated measures ANOVA. No interaction was found between exercise and 

FODMAP interventions.  
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Figure 15. Absolute levels and percent change of plasma I-FABP in a model of exercise-
induced gastrointestinal damage subject to low- and high-FODMAP dietary interventions. 
Pre- and post-exercise plasma I-FABP levels (ng/mL) of healthy athletes (n=14) who ran for 2 
hours at 60% VO2max in 35 °C heat and underwent low- and high-FODMAP dietary interventions 
are represented. (A) indicates pre- and post-exercise plasma I-FABP levels during the low-
FODMAP intervention and (B) represents pre- and post-exercise plasma I-FABP levels during the 
high-FODMAP intervention. Significant differences pre- to post-exercise were detected in both 
low-FODMAP (p=0.0085) and high-FODMAP (p=0.0031) dietary interventions. Each colour 
represents the results of an individual study participant. 
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Percent changes pre-and post-exercise for each dietary intervention were determined. 

Shapiro-Wilk tests indicated nonparametric distributions in the dietary interventions. Participants 

expressed the highest median percent change (IQR) of I-FABP levels in the low-FODMAP 

intervention at 477% (777%) followed by the high-FODMAP intervention at 404% (1181%). 

Percent changes between dietary interventions were not significantly different, as indicated by 

Wilcoxon test.  

 

6.3.2.3 LBP 

 Figure 16A and B depicts pre- and post-exercise absolute levels of plasma LBP (µg/mL) 

for each study participant in low- and high-FODMAP dietary interventions. Shapiro-Wilk tests 

indicated normal distributions in the low-FODMAP intervention and nonparametric distributions 

in the high-FODMAP intervention. There were no significant differences of levels observed pre- 

to post-exercise in either dietary intervention. As indicated by two-way repeated measures 

ANOVA, no significant differences in LBP levels pre- and post-exercise or in FODMAP 

interventions were observed. 

Percent changes pre-and post-exercise for each dietary intervention were determined. 

Shapiro-Wilk tests indicated a nonparametric distribution for the low-FODMAP dietary 

intervention. Participants expressed the highest median percent change (IQR) of LBP levels in the 

low-FODMAP intervention at 4% (60%) followed by the high-FODMAP intervention at -6% 

(45%). Percent changes between dietary interventions were not significantly different, as indicated 

by Wilcoxon test.   
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Figure 16. Absolute levels and percent change of plasma LBP in a model of exercise-induced 
gastrointestinal damage subject to low- and high-FODMAP dietary interventions. Pre- and 
post-exercise plasma LBP levels (µg/mL) of healthy athletes (n=14) who ran for 2 hours at 60% 
60% VO2max in 35 °C heat and underwent low- and high-FODMAP dietary interventions are 
represented. (A) indicates pre- and post-exercise plasma LBP levels during the low-FODMAP 
intervention and (B) represents pre- and post-exercise plasma LBP levels during the high-
FODMAP intervention. No significant differences in plasma LBP levels pre- to post-exercise in 
any dietary intervention were detected. Each colour represents the results of an individual study 
participant.  
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6.3.2.4 sCD14 

 Figure 17A and B depicts pre- and post-exercise absolute levels of plasma sCD14 (µg/mL) 

for each study participant in low- and high-FODMAP dietary interventions. Shapiro-Wilk tests 

indicated a nonparametric distribution in the low-FODMAP dietary intervention and normal 

distributions in the high-FODMAP intervention. There were no significant differences of levels 

observed pre- to post-exercise in either dietary intervention. As indicated by two-way repeated 

measures ANOVA, no significant differences in sCD14 levels pre- and post-exercise or in 

FODMAP interventions were observed. No interaction was found between exercise and FODMAP 

interventions. 

Percent changes pre- and post-exercise for each dietary intervention were determined. 

Shapiro-Wilk tests indicated normal distributions for both dietary interventions. Participants on a 

low-FODMAP diet experienced higher percent changes of sCD14 levels at a median (IQR) of 20% 

(72%) compared to -6 (45%) while on the high-FODMAP diet. No significant differences in 

percent change between the dietary interventions were observed. 

 

6.3.2.5 Marker Correlations 

 Change in pre- to post-exercise levels, post-exercise, and percent change of marker levels 

were correlated in each intervention for study participants. No significant marker correlations were 

found for change in pre- and post-exercise levels or percent change. A significant correlation of 

post-exercise levels between I-FABP and sCD14 was observed (r=0.59, p=0.029, n=14).  
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Figure 17. Absolute levels and percent change of plasma sCD14 in a model of exercise-
induced gastrointestinal damage subject to low- and high-FODMAP dietary interventions. 
Pre- and post-exercise plasma sCD14 levels (µg/mL) of healthy athletes (n=14) who ran for 2 
hours at 60% VO2max in 35 °C heat and underwent low- and high-FODMAP dietary interventions 
are represented. (A) indicates pre- and post-exercise plasma sCD14 levels during the low-
FODMAP intervention and (B) represents pre- and post-exercise plasma sCD14 levels during the 
high-FODMAP intervention. Study participants did not show any significant differences pre- to 
post-exercise in any dietary intervention. Each colour represents the results of an individual study 
participant.  
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6.4 Discussion 

Exercise-induced gastrointestinal damage in otherwise healthy athletes is an important 

phenomenon, as upper gastrointestinal symptoms are a major problem in limiting further exertion 

and achieving better performance. It is also a subject of interest since injury and symptoms are 

exaggerated at hot ambient temperatures, as recently shown by the elevation of circulating I-FABP 

levels in several studies, which are featured in Table 3, and described in the present study. In 

addition, recent published and unpublished work has indicated that manipulation of the FODMAP 

intake in the diet prior to the exercise can also reduce symptoms without theoretical expectation 

of reducing intestinal injury. Indeed, I-FABP levels also increased in the current experiments when 

pre-exercise diet was varied in its FODMAP content, but no differences were observed between 

the diets, despite the improved symptoms reported in the low FODMAP arm (Costa RJ, personal 

communication). A low- or high-FODMAP diet did not affect any marker levels and no 

interactions between exercise and dietary interventions were observed. As such, the results indicate 

that a low- or high-FODMAP diet does not influence damage of the mucosal barrier during the 

induction of intestinal ischaemia. In this respect, a low-FODMAP is not necessary to recommend 

to the general population of athletes for therapeutic benefit. However, the same result may not be 

the case for individuals with pre-existing inflammation or disease. The therapeutic value of a low-

FODMAP diet in athletes who consistently experience gastrointestinal symptoms upon exercise 

or have a pre-existing gastrointestinal condition may be assessed in future trials.  

For the current study, exercise-induced gastrointestinal damage also presents as an 

excellent model in which effects on other markers and physiological processes, such as epithelial 

injury not specific to the small intestine, may influence circulating levels of syndecan-1 and 

markers of bacterial translocation. The additional strength of the model is that it studies subjects 
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without disease and who are in a state of excellent health and nutrition, avoiding the problems in 

studying those with diseases that may introduce unwanted confounders. In this respect, the current 

study has enabled insight into physiological effects beyond small intestinal injury. No previous 

literature exists on characterising the circulating markers syndecan-1, LBP, and sCD14 in exercise-

induced gastrointestinal damage, moreover investigating the adjunct effects of heat and FODMAP 

dietary interventions. The results in this chapter provide novel findings for longitudinal marker 

utility and insights into biological mechanisms associated with intestinal barrier damage primarily 

due to ischaemic stress and the adjunct effects of heat and diet. 

 In the heat stress trial, significant increases in markers of mucosal barrier integrity, i.e. 

purported zonulin (Figure 9), syndecan-1 (Figure 10), and I-FABP (Figure 11), were detected in 

absolute levels pre- to post-exercise intervention. Significant pre- to post-exercise syndecan-1 and 

I-FABP levels were found in all temperature trials, whereas only the 20 °C and 30 °C interventions 

yielded significant changes in pre- to post-exercise levels of purported zonulin. These results are 

novel for syndecan-1 as a marker of epithelial barrier function in exercise-induced gastrointestinal 

damage. However, the results for purported zonulin should be considered cautiously. As 

previously mentioned, study participants from this cohort were tested for purported zonulin before 

experiments from Chapter 5 verified that current commercial assays are not measuring 

recombinant zonulin. 

In contrast to mucosal barrier integrity markers, no significant increases in absolute levels 

pre- to post-exercise intervention were found in the microbial translocation markers, i.e. LBP 

(Figure 12) or sCD14 (Figure 13). The same results were confirmed in the dietary FODMAP trial; 

significant differences in the absolute levels of mucosal barrier integrity markers were detected 

pre- to post-exercise (Figures 14 and 15), yet no significant differences were detected for the 
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absolute levels of microbial translocation markers (Figures 16 and 17). This might suggest that, 

although epithelial injury occurs (as demonstrated by heightened syndecan-1 and I-FABP levels), 

physical barrier function remains largely intact, preventing microbial translocation. Heat appears 

to have a slight effect on physical barrier function, as it was observed that the percent change in 

levels of microbial translocation markers were consistently, though not significantly, elevated in 

the 35 °C interventions compared to other ambient temperatures. The observed elevation may 

indicate the beginnings of an immune response to translocated bacterial products due to impaired 

barrier integrity in high heat, though it is likely that the physical barrier remains largely intact. 

It should be noted that there was no significant correlation between I-FABP and syndecan-

1. This confirms different mechanisms of damage associated with both markers, which are 

associated with mucosal barrier integrity. It can therefore be concluded that syndecan-1 does not 

detect effects specific to small intestinal epithelial damage. This information may also reveal 

details about location of damage in exercise-induced gastrointestinal damage. As mentioned in 

Chapter 1, previous studies resolved that I-FABP is mainly expressed in the small intestines though 

can be found in smaller amounts in the colon. There have been no current studies to date that 

quantify differences in syndecan-1 expression in epithelial tissue, particularly in the 

gastrointestinal tract. However, as syndecan-1 is a ubiquitous epithelial and endothelial protein, its 

expression is most likely not specific to a particular region of the gastrointestinal tract. It is 

therefore likely that syndecan-1 may be a useful marker to detect an impaired barrier in other 

locations, such as the colon. Future studies may investigate syndecan-1 expression in the intestinal 

tract as well as investigate levels in colonic versus small intestinal disease for further 

understanding. 
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CHAPTER 7 

 

ASSESSMENT OF INTESTINAL BARRIER INTEGRITY IN NON-

COELIAC WHEAT SENSITIVITY/IBS 

 

7.1 Introduction 

 As discussed in Chapter 1, non-coeliac wheat sensitivity is a controversial diagnosis in 

which individuals lack the genetic, immune and serological biomarkers of coeliac disease or wheat 

protein allergy, yet present with similar symptoms that appear to resolve when following a gluten-

free diet. There are currently no established biomarkers of disease, yet a recent study by Uhde, 

Ajamian et al. of an Italian cohort observed levels of associated intestinal barrier dysfunction and 

microbial translocation markers, i.e. I-FABP, LBP, and sCD14, that were distinctive from coeliac 

disease and healthy controls in individuals with NCWS.2 Study participants with NCWS also 

experienced a significant decline in levels in these markers of immune activation and gut epithelial 

cell damage, in conjunction with symptom improvement when gluten-containing foods were 

omitted from their diet. The results implicate dysregulation at the intestinal barrier that may 

provide clues into NCWS disease mechanism and potential biomarker utility.  

 Dietary triggers of NCWS are a current topic of debate, as recent studies have sought to 

determine whether gluten or other factors may be causative agents of gastrointestinal symptoms in 

individuals with self-reported NCWS. The aforementioned study by Uhde, Ajamian et al. recruited 

patients who believed they were sensitive to gluten, as they reported experiencing intestinal and/or 
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extra-intestinal symptoms after ingestion of gluten-containing foods. However, it has been 

demonstrated in an Australian cohort by Biesiekierski et al. that FODMAPs were the more likely 

causative factors for gastrointestinal symptoms experienced in individuals with self-reported 

NCWS and IBS symptoms based on Rome III criteria.36 In this particular cohort, the specific 

effects of gluten were examined after dietary reduction of FODMAPs in a placebo-controlled, 

randomised, double-blind cross-over trial. In all participants, gastrointestinal symptoms 

consistently and significantly improved during a reduced FODMAP intake. The results provided 

no evidence of specific or dose-dependent effects of gluten in their study cohort. Only 8% of study 

participants experienced gluten-specific gastrointestinal effects and, when these subjects were 

blindly rechallenged many months later, gluten specificity to induction of symptoms was not 

observed. The evidence suggests that the current description of NCWS as a disease entity is poorly 

defined, as gluten intake was not a specific trigger of gastrointestinal symptoms in this cohort of 

patients. This conclusion was reinforced by the results of a Norwegian triple cross-over re-

challenge study, in which fructans (i.e., a FODMAP), not gluten, were more likely to be the inciting 

culprit.37 

One problem in studies of NCWS has been patient selection.37 In the Australian and 

Norwegian studies, only subjects who were HLA -DQ2 and -DQ8 negative or with normal 

duodenal biopsies were studied. In contrast, Italian studies have in general not excluded patients 

with mild histological abnormalities such as an increased density of intraepithelial lymphocytes; 

such patients would have been excluded by the other investigating groups. While the Italian study 

did not report duodenal histology, it is likely that at least a proportion of the patients had duodenal 

abnormalities, which another group claim are due to immune reactions to wheat, milk and other 

proteins.177  
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 One way of addressing the potential heterogeneity of patient selection between studies is 

to determine whether patients from the Australian study also had the abnormalities in marker levels 

of intestinal barrier integrity and microbial translocation observed in the Italian cohort. Thus, in 

the current study, serological samples of NCWS study participants from the Biesiekierski et al. 

study were analysed, using the tests and methods previously used by Uhde, Ajamian et al. in 

addition to syndecan-1, to examine gluten’s effects on the intestinal barrier. The results pertaining 

to syndecan-1 will be a novel investigation of this marker in NCWS/IBS. Further characterisation 

of an additional, well-characterised NCWS cohort provides a unique opportunity to explore 

whether these individuals share similar biomarker profiles despite potential differences in study 

recruitment. This may provide insights into pathophysiological mechanisms of disease in a 

seemingly disparate and controversial disease entity. 

 

7.2 Materials and Methods 

7.2.1 Study Participants and Protocols 

Serum samples for the NCWS cohort (n=36) were obtained from a previous study in which 

individuals above 16 years of age had self-reported NCWS and irritable bowel syndrome (IBS) 

symptoms based on Rome III criteria, but not coeliac disease or other significant gastrointestinal-

related diseases.36 Subjects had coeliac disease excluded by HLA studies or had normal duodenal 

histology. In addition to gastrointestinal disease, study participants who had immune-related or 

poorly-controlled psychiatric diseases were excluded. Additional exclusion criteria were intake of 

excessive alcohol, nonsteroidal anti-inflammatory agents, and immunosuppressants. 

Study participants underwent a randomised, placebo-controlled, double-blinded cross-over 

trial to determine whether gluten is a causative agent of gastrointestinal symptoms in NCWS.36 
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Serum samples for each individual study participant were available from baseline when 

participants consumed their habitual gluten-free diets (in which FODMAPs were not purposely 

reduced), and while consuming diets low in FODMAPs and containing low amounts of gluten, 

high amounts of gluten, or whey protein (as placebo). The detailed protocol has been previously 

outlined and published. Briefly, during the 1-week baseline period, individuals recorded their usual 

diet and symptoms, then underwent a 2-week run-in period in which they were educated on a low-

FODMAP diet. At the end of the run-in period, participants were provided their entire diet, which 

had a background of being low FODMAP and gluten-free, and was spiked with one of three 

combinations: (a) 2 g per day of whole-wheat gluten and 14 g per day of whey isolate during low-

gluten intervention; (b) 16 g per day of whole-wheat gluten during the high-gluten intervention; 

and (c) 16 g per day of whey protein isolate for the placebo intervention. Participants received 1 

of the 3 dietary interventions for one week followed by a washout period of at least 2 weeks and 

until symptoms induced during the dietary trial resolved. Participants then crossed over to the next 

randomly-assigned dietary condition. Participants then resumed the next assigned dietary 

intervention after the washout period. Patient blood samples were collected and processed after 6 

days of each dietary intervention. Thus, paired serum samples for each study participant were 

associated with the following dietary regimens: 

• Gluten-free, normal-FODMAP 

• Low gluten, low-FODMAP 

• High gluten, low-FODMAP 

• Gluten-free, low-FODMAP 
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The nutritional composition was evaluated by food diary input and analysis using FoodWorks 

(Xyris Software, Australia) and, for the provided diets, food content and laboratory food analysis 

for FODMAPs as previously detailed.36 

 

7.2.2 Commercial Assays 

 Levels of featured plasma protein markers were determined by commercially-available 

ELISA assays. Details of assays are indicated in Section 3.1.1 and assay methodology is indicated 

in Section 3.3.1. 

 

7.2.3 Statistical Analysis 

 Chapter 3.4 details general statistical analysis materials and methods used in this chapter. 

The following results in Section 7.3 report specific methods used for analysis. 

 

7.3 Results 

 Absolute levels and percentage changes of featured protein markers were determined for 

each study participant in baseline (normal-FODMAP) and study intervention arms of high-gluten, 

low-gluten, and placebo, all with a background low-FODMAP diet. Differences in sample size 

amongst markers due to lack of sera available or otherwise are indicated in each individual section.   

 

7.3.1 Syndecan-1 

 Shapiro-Wilk tests indicated nonparametric distributions of serum syndecan-1 levels in all 

dietary interventions. Figure 18A depicts absolute median syndecan-1 levels (ng/mL) in each study 

participant (n=34) for baseline and dietary intervention arms and significant differences for  
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Figure 18. Absolute and percent changes of serum syndecan-1 levels in participants with 
NCWS undergoing featured high-gluten, low-gluten, and placebo dietary interventions on a 
background low-FODMAP diet and at baseline condition. Absolute serum syndecan-1 levels 
and percent changes are represented for individuals with NCWS (n=34) in each dietary 
intervention and at baseline condition. (A) indicates absolute serum syndecan-1 levels (ng/mL) 
during dietary interventions arms and at baseline condition. Significant pairwise comparisons were 
found between baseline and high-gluten (p<0.0001), baseline and low-gluten (p=0.0004), and 
baseline and placebo (p=0.0003) interventions. (B) represents percent change in syndecan-1 levels 
relative to baseline. No significant differences were detected in pairwise comparisons. (C) 
represents percent change in syndecan-1 levels relative to placebo. Significant pairwise 
comparisons were observed between baseline and high-gluten (p<0.0001) and baseline and low-
gluten (p<0.0001) interventions. Red bars represent medians.  
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pairwise comparisons between the dietary interventions. Study participants had the highest median 

(IQR) of syndecan-1 levels in the baseline condition at 42 (49), followed by the low-gluten 

intervention at 26 (44), the high-gluten intervention at 24 (42), and the placebo intervention at 41 

(23). A significant difference between repeated-measures group medians was observed by 

Friedman’s test (χ2
F(3)=24.67, p<0.0001). Significant pairwise comparisons, as indicated by 

Wilcoxon tests, were observed between baseline and high-gluten (p<0.0001), baseline and low-

gluten (p=0.0004), and baseline and placebo (p=0.0003) interventions. 

The percent changes relative to baseline and placebo interventions are indicated in Figure 

18B and C, respectively. Shapiro-Wilk tests indicated nonparametric distributions in percent 

changes relative to baseline. Negative percentage changes were observed across all dietary 

interventions by nearly the same amount; the placebo intervention had the lowest median (IQR) 

syndecan-1 levels at -34% (103%), followed by the high-gluten -33% (53%), and the low-gluten 

intervention at -33% (76%) (Figure 18B). No significant differences were detected by Friedman’s 

test or in pairwise comparisons. Shapiro-Wilk tests indicated nonparametric distributions in 

percent changes relative to placebo. Increased syndecan-1 levels were observed for the baseline 

condition at 25% (47%) compared to the high-gluten intervention at 4% (58%) as well as the low-

gluten intervention at 3% (57%) (Figure 18C). A significant difference in medians was detected 

by Friedman’s test (χ2
F(3)=20.18, p<0.0001) with significant pairwise comparisons between 

baseline and high-gluten (p<0.0001) and baseline and low-gluten (p<0.0001) conditions, as 

indicated by Wilcoxon tests.  
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7.3.2 I-FABP 

 Shapiro-Wilk tests indicated nonparametric distributions of serum I-FABP levels in dietary 

interventions. Figure 19A depicts absolute median I-FABP levels (ng/mL) in each study 

participant (n=34) for baseline and dietary intervention arms. Study participants had the highest 

median (IQR) I-FABP levels in the baseline condition at 0.9 (0.8), followed by the high-gluten 

intervention at 0.8 (0.7), the placebo intervention at 0.8 (0.5), and the low-gluten intervention at 

0.7 (0.4). A significant difference in medians was detected by Friedman’s test (χ2
F(3)=8.82, 

p=0.032). As indicated by Wilcoxon tests, significant pairwise comparisons were found between 

baseline and low-gluten intervention (p=0.0131) and baseline and placebo intervention (p=0.031), 

though these were not significant discoveries when the FDR was controlled (q=0.083 and q=0.098, 

respectively).  

The percent changes relative to baseline and placebo interventions are indicated in Figure 

19B and C, respectively. Shapiro-Wilk tests indicated nonparametric distributions in percent 

changes relative to baseline. Decreased I-FABP levels were observed across all dietary 

interventions; the low-gluten intervention had the lowest median (IQR) levels at -41% (102%), 

followed by the placebo intervention at -34% (118%), and the high-gluten intervention at -22% 

(99%) (Figure 19B). No significant differences between medians were detected by Friedman’s test 

or in pairwise comparisons by Wilcoxon tests. Shapiro-Wilk tests indicated nonparametric 

distributions in percent changes relative to placebo. The highest percent change in I-FABP levels 

were observed for the high-gluten intervention at 13% (44%), followed by the low-gluten 

intervention at 2% (61%), and the baseline condition at 0.3% (0.7%) (Figure 19C). No significant 

difference between medians were detected by Friedman’s test or in pairwise comparisons by 

Wilcoxon tests.  
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Figure 19. Absolute and percent changes of serum I-FABP levels in participants with NCWS 
undergoing featured high-gluten, low-gluten, and placebo dietary interventions on a 
background low-FODMAP diet and at baseline condition. Absolute serum I-FABP levels and 
percent changes are represented for individuals with NCWS (n=34) in each dietary intervention 
and at baseline condition. (A) indicates absolute serum I-FABP levels (ng/mL) during dietary 
interventions arms and at baseline condition. (B) represents percent change in I-FABP levels 
relative to baseline. (C) represents percent change in I-FABP levels relative to placebo. Red bars 
represent medians. No significant pairwise comparisons between means or medians were observed 
in absolute or percent change levels. 
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7.3.3 LBP 

 Shapiro-Wilk tests indicated nonparametric distributions of serum LBP levels in dietary 

interventions. Figure 20A depicts absolute median LBP levels (µg/mL) for each study participant 

(n=34) in baseline and dietary intervention arms. Study participants had the highest median (IQR) 

LBP levels in the baseline condition at 12 (6), followed by the placebo intervention at 9 (5), the 

high-gluten intervention at 9 (6), and the low-gluten intervention at 9 (6). Significant differences 

between medians were detected by Friedman’s test (χ2
F(3)=9.37, p=0.023). A significant 

difference between high-gluten and baseline interventions was detected (p=0.0038) by a paired t-

test, which was a significant discovery when the FDR was controlled (q=0.0228). Significant 

pairwise comparisons were also found between low-gluten and baseline interventions (p=0.024) 

as well as placebo and baseline interventions (p=0.048) as indicated by Wilcoxon tests, though 

these were not significant discoveries when the FDR was controlled (q=0.071 and q=0.097, 

respectively).  

 The percent changes relative to baseline and placebo are indicated in Figure 20B and C, 

respectively. Shapiro-Wilk tests indicated normal distributions in all percent changes relative to 

baseline. Negative percent changes in LBP levels were observed across all dietary interventions 

by similar amounts; the lowest mean ± SEM percent change relative to baseline was found in the 

placebo intervention at -28% ± 10%, followed by the low-gluten intervention at -28% ± 10% and 

the high-gluten intervention at -27% ± 9%.  No significant percent changes between groups were 

found in a one-way repeated measures ANOVA or in paired t-tests. Shapiro-Wilk tests indicated 

nonparametric distributions in all percent changes relative to placebo. The highest median (IQR) 

percent change was observed in the baseline condition 18% (44%), followed by the low-gluten  
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Figure 20. Absolute and percent changes of serum LBP levels in participants with NCWS 
undergoing featured high-gluten, low-gluten, and placebo dietary interventions on a 
background low-FODMAP diet and at baseline condition. Absolute serum LBP levels and 
percent changes are represented for individuals with NCWS (n=34) in each dietary intervention 
and at baseline condition. (A) indicates absolute median serum LBP levels (ng/mL) during dietary 
interventions arms and at baseline condition. Significant pairwise comparisons were found 
between baseline and high-gluten interventions (p=0.0038). (B) represents mean percent change 
in LBP levels relative to baseline. No significant differences were observed in pairwise 
comparisons. (C) represents median percent change in LBP levels relative to placebo. A significant 
pairwise comparison was observed between baseline and high gluten interventions (p=0.0026). 
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intervention at 6% (48%) and the high-gluten intervention at -4% (82%). Significant differences 

between medians were detected by Friedman’s test (χ2
F(3)=10.45, p=0.0054). A significant 

pairwise comparison was also found between the high-gluten intervention and baseline by a 

Wilcoxon test (p=0.0026), which was a significant discovery when the FDR was controlled 

(q=0.0078). Another significant pairwise comparison was found between the low-gluten and 

baseline intervention by a Wilcoxon test (p=0.0433), though it was not a significant discovery 

when the FDR was controlled (q=0.065).  

 

7.3.4 sCD14 

 Shapiro-Wilk tests indicated normal distributions of serum sCD14 levels in all dietary 

interventions. Figure 21A depicts absolute mean sCD14 levels (µg/mL) for each study participant 

(n=34) in baseline and dietary intervention arms. Study participants had the highest mean ± SEM 

sCD14 levels in the baseline condition at 1.4 ± 0.1, followed by the low-gluten condition at 1.4 ± 

0.1. The high-gluten and placebo interventions shared the same mean values at 1.3 ± 0.1. No 

significant differences between intervention means were observed by a repeated measures one-

way ANOVA or in paired t-tests. 

 The percent changes relative to baseline and placebo are indicated in Figures 21B and C, 

respectively. Shapiro-Wilk tests indicated a nonparametric distribution in percent changes relative 

to baseline. Negative percent changes in sCD14 levels were observed across all dietary 

interventions; the lowest median (IQR) percent change was observed in the placebo intervention 

at -21% (52%), followed by the high-gluten intervention at -16% (65%) and the low-gluten  
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Figure 21. Absolute and percent changes of serum sCD14 levels in participants with NCWS 
undergoing featured high-gluten, low-gluten, and placebo dietary interventions on a 
background low-FODMAP diet and at baseline condition. Absolute serum sCD14 levels and 
percent changes are represented for individuals with NCWS (n=34) in each dietary intervention 
and at baseline condition. (A) indicates absolute mean serum sCD14 levels (µg/mL) during dietary 
interventions arms and at baseline condition. (B) represents median percent change in sCD14 
levels relative to baseline. (C) represents percent change in sCD14 levels relative to placebo. No 
significant pairwise comparisons between means or medians were observed in absolute or percent 
change levels. 
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condition at -9% (53%). No significant differences between medians were observed by Friedman’s 

test or in pairwise comparisons. Shapiro-Wilk tests indicated nonparametric distributions in 

percent changes relative to placebo. Positive percent changes in sCD14 levels were observed 

across all dietary interventions; the highest median (IQR) percent change was observed in the 

baseline condition at 18% (42%), followed by the high-gluten intervention at 6% (51%) and the 

low-gluten condition at 4% (40%). No significant difference between medians were observed by 

Friedman’s test or in pairwise comparisons. 

 

7.3.5 Marker Correlations 

 Marker correlations between absolute levels as well as percent changes to baseline and 

placebo were analysed within each intervention for study participants (n=33). As previously 

mentioned, individuals were omitted from analysis if there was incomplete testing of markers due 

to lack of available sera. A positive, significant correlation was found between absolute LBP and 

sCD14 levels (p=0.020, r=0.403). With regards to percent change from baseline, positive, 

significant correlations were observed between baseline and the low-gluten intervention for 

syndecan-1 and sCD14 (p=0.017, r=0.412) as well as LBP and sCD14 (p=0.029, r=0.381). 

Similarly, with regards to percent change from placebo, the only significant correlations were 

observed between placebo and the low-gluten intervention for syndecan-1 and I-FABP (p=0.006, 

r=-0.467), syndecan-1 and sCD14 (p=0.029, r=0.381), and LBP and sCD14 (p=0.047, r=0.348).  
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7.4 Discussion 

7.4.1 Comparison of Italian and Australian NCWS Cohorts 

NCWS is a controversial diagnosis with uncertain pathophysiology. The findings of a 

unique combination of systemic immune activation and compromised intestinal barrier integrity 

in an Italian cohort with NCWS defined by the so-called Salerno criteria (based upon consensus 

opinion of an international group who believe that gluten is the cause of NCWS) has suggested a 

potential pattern of biomarkers that identify the condition.178 However, other studies such as the 

Australian blinded randomised re-feeding controlled trial in patients with self-reported NCWS 

used different inclusion criteria (as outlined in Chapter 1). This raises the very real concern that 

differences in responses to gluten might relate to patient selection. The application of the 

biomarkers from the previous study by Uhde, Ajamian et al. (i.e. the study that tested the Italian 

NCWS cohort) to the Australian cohort was an opportunity to test this hypothesis.  

Compared to the current study, heightened median absolute levels of I-FABP, LBP, and 

sCD14 were observed in the Italian cohort; the median I-FABP level in the current study was 0.9 

ng/mL compared to 1.6 ng/mL in the previous study, the median LBP level in the current study 

was 12 µg/mL compared to 19 µg/mL, and median sCD14 level in the current study was 1.4 µg/mL 

compared to 2.5 µg/mL (all previous study values have been extrapolated from figures).2 The 

results confirm a difference in study participant recruitment between both NCWS cohorts. 

Furthermore, marker levels in the current study match those found in IBS cohorts. A mean ± SEM 

level of 0.7 ± 0.4 ng/mL was observed for I-FABP in a previous study, which matches the current 

study’s observed median (IQR) level of 0.9 (0.8) ng/mL.179 In the same study, a mean ± SEM level 

of 2 ± 0.6 µg/mL was observed for sCD14; this level was at the higher end, though within range 

of the current study’s median (IQR) level of 1.4 (0.6).179  
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Despite the difference in study participant recruitment, it remains uncertain why 

heightened levels were observed in the Italian cohort. One possible explanation might be due to 

the inclusion and emphasis of extra-intestinal symptoms as outlined in the Salerno criteria and 

consequently featured in the Italian NCWS cohort. Only gastrointestinal symptoms and fatigue 

were considered in the current study’s participants, whereas gastrointestinal and/or extra-intestinal 

symptoms were featured in the Italian NCWS study participants. These manifestations consist of 

fatigue, headache, anxiety, memory and cognitive disturbances, and numbness in the arms and 

legs.2 Hence, although the current study ruled out gluten as a primary causative agent of 

gastrointestinal symptoms in self-reported NCWS, there remains the possibility that gluten may 

be involved in the pathogenesis of extra-intestinal manifestations, which is somehow linked to the 

integrity of intestinal mucosal barrier. In neurobehavioural disorders, there is some evidence of 

gluten-specific immune activation, which implicates the translocation of pathogenic gluten 

fragments across a compromised intestinal mucosal barrier. In subsets of children with autism and 

cerebral palsy, increased levels of gluten-specific antibodies have been observed compared to 

healthy controls.180,181 Anecdotal reports indicate improvement in symptom severity upon 

adherence to a gluten-free diet, much like individuals with extra-intestinal manifestations of 

NCWS. However, there have been no comprehensive placebo-controlled, randomised double-

blinded crossover trials designed to investigate whether gluten influences extra-intestinal 

symptoms alone and whether it has a potential effect on the intestinal barrier in NCWS or in 

neurobehavioural disorders. Further inquiry into the subset of NCWS patients who experience 

extra-intestinal manifestations may provide the key to understanding the divergent results observed 

in the current study’s NCWS cohort and that of the Italian cohort.  
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7.4.2 Insights into the Effect of Reducing Dietary FODMAPs  

The present study confirms that dietary gluten is unlikely to modulate intestinal barrier 

function and microbial translocation in patients who have wheat-induced symptoms that fit criteria 

for IBS, but no evidence of coeliac disease or intestinal histopathological abnormalities. However, 

the consumption of the provided diets somewhat unexpectedly led to consistent changes in the 

concentrations of three of the four biomarkers relative to their concentrations when the subjects 

were consuming their habitual gluten-free diet. The dominating change was in the syndecan-1 

levels, which fell by about 30% irrespective of the gluten or whey protein content of the diet 

(p<0.001). Levels of the small intestinal epithelial marker, I-FABP, and the marker of bacterial 

translocation, LBP, also fell, but these changes just failed to reach statistical significance when 

correction for multiple comparisons was applied. Levels of sCD14 were not different. In other 

words, the provided diets, irrespective of gluten content, led to reduced epithelial injury and 

possibly less bacterial translocation. The predominance of changes in syndecan-1 over I-FABP 

might indicate the main effect was in the colon rather than proximal small intestine, particular from 

what has been found in coeliac disease, a model of small intestine injury, as further discussed in 

Chapters 1 and 6.  

The reason for this likely change in the epithelial barrier is not simple to define since 

altering diets changes components that might potentially affect the epithelium, such as emulsifier 

and thickener content.182 Analysis of the dietary intake during these phases was performed.36 There 

were no differences in macronutrients. However, the two components where differences were 

noted were in the alcohol intake (reducing from a mean of 12 g/d to about 3 g/d) and in the 

FODMAP content (reducing from 19 g/d to about 5 g/d).  Alcohol can injure epithelium, but it is 

unlikely that the intake reported, which were less than recommended at-risk levels in nearly all 
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patients, would be responsible, particularly in the colon was the main target.183 However, the effect 

of alcohol on these markers is not known and may be worthy of further investigation. 

The major mechanism of action of FODMAPs is likely to be reduction of luminal 

distension in the intestines, which in turn reduces mechanostimulation and subsequent sensation 

of pain and bloating. However, it is suggested that intestinal wall stretching may potentially reduce 

barrier function by stretching the intercellular epithelial junctions. Alterations of FODMAP intake 

changes the structure and density of the colonic microbiota, which might affect barrier function, 

as observed by Halmos et al.184 Indeed, in adult male Wistar rats, a high FODMAP diet reduces 

colonic epithelial barrier function and induces mild colonic inflammation, an effect that was 

reversed by a low FODMAP diet or rifaximin therapy. Both approaches reduced bacterial 

abundance and it was subsequently shown that the abnormalities were induced by LPS.185 Thus, 

the concept was introduced that the reduction of the absolute abundance of colonic bacteria and 

LPS (consistent with findings from Halmos et al.) by the low FODMAP diet improves colonic 

barrier function, and reduces visceral nociception and colonic inflammation as an additional 

mechanism for the longer-term efficacy of the low FODMAP diet. The findings of the current 

study support this concept. Thus, epithelial injury is reduced and LPS exposure possibly reduced 

by lowering FODMAP intake in patients with self-reported NCWS. This speculative interpretation 

of the biomarker findings warrants further investigation. 

 

7.4.3 Potential Marker Utility  

Taken together, the results provide insights into the utility of featured markers in the 

investigation of NCWS/IBS. A very minimal median increase for percent change of I-FABP levels 

relative to placebo in the baseline condition was observed at 0.3%. As I-FABP is primarily 
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expressed in the small intestines, these results point to a minimal effect of the low-FODMAP diet 

on small bowel enteropathy and implies that effects are localised to the colon. 

Syndecan-1 absolute levels were significantly heightened in the baseline normal-

FODMAP condition compared to all background low-FODMAP intervention arms. These levels 

did not correlate with I-FABP absolute levels. This supports previous observations, as detailed in 

Chapter 6, that syndecan-1 may instead be indicating colonic barrier integrity effects. In support 

of this observation, a negative correlation was found between syndecan-1 and I-FABP levels in 

the percent change from placebo to low-gluten/low-FODMAP condition. Significant correlations 

between syndecan-1 and microbial translocation markers were also observed in this particular 

condition as well as in the percent change from baseline to low-gluten condition. These results 

suggest that syndecan-1 may reflect the potential effects of a low-FODMAP diet in reducing 

epithelial injury and thus limiting LPS exposure. 

Taken together, the outcomes provide new evidence that syndecan-1 may be a useful 

marker for determining colonic epithelial barrier integrity, which may be helpful for the many 

emerging trials that investigate the effects of colonic bacteria on epithelial integrity. Comparison 

of syndecan-1 levels to biopsy data in which it is clear that colonic epithelial integrity has been 

compromised may further support the use of syndecan-1 levels as a reliable circulating marker 

indicative of colonic epithelial integrity. 

 

  



	

 154 

7.4.4 Summary 

In summary, the results of this study:  

1) Demonstrate the heterogeneity of the NCWS population by the very different patterns of 

circulating levels of biomarkers of intestinal barrier dysfunction and microbial 

translocation in two populations recruited by different inclusion criteria;  

2) Show that gluten had no effects on biomarkers of the intestinal epithelial barrier and 

microbial translocation in a cohort that did not have specific symptomatic responses to 

gluten; 

3) Provide evidence to support the notion that reducing dietary FODMAP intake has a 

protective effect on the colonic epithelium; and  

4) Provide insights into the utility of featured circulating markers, particularly with the use of 

syndecan-1 to indicate colonic epithelial barrier integrity.  
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CHAPTER 8 

 

ASSESSMENT OF INTESTINAL BARRIER INTEGRITY IN THE 

TREATMENT OF COELIAC DISEASE 

 

8.1 Introduction 

 As detailed in Chapter 1, strict adherence to a gluten-free diet is necessary for mucosal 

healing and the amelioration of symptoms in coeliac disease. However, there are some patients 

who do not respond well to a gluten-free diet alone. These poorly responsive patients are classified 

as having refractory coeliac disease if they have persistent or recurrent small intestinal villous 

atrophy with symptoms of malabsorption despite ³ 12 months of a strict gluten-free diet in the 

absence of a condition that causes villous atrophy, such as lymphoma.186 In addition to keeping a 

strict gluten-free diet, patients with refractory coeliac disease may be prescribed the synthetic 

glucocorticoid budesonide as treatment. Budesonide has low systemic bioavailability and high 

active topical delivery in the formulation commonly used. Delivery is particularly to the distal 

small intestines and colon, though about 30% is released and absorbed in the upper small 

intestines.187  

To date, there has been one primary study (n=34) that has reported a 76% response to the 

medication, and a complete response in 55% when budesonide was used alone or with oral 

corticosteroids in patients with refractory coeliac disease.188 Aside from this evidence, there exist 

only expert opinions and observations on the efficacy of budesonide in the treatment of any type 

of coeliac disease. In the treatment of other intestinal inflammatory conditions, including 
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microscopic colitis, eosinophilic colitis, and collagenous sprue, which can resemble coeliac 

disease, patients also appear to respond to budesonide.189,190 Due to the drug’s target specificity in 

the intestinal tract, limited systemic effects, and positive outcomes in response, it has been 

hypothesised that it may accelerate healing for newly-diagnosed coeliac disease patients in 

conjunction with a gluten-free diet. 

 The current study examines circulating mucosal barrier integrity and microbial 

translocation markers in serological samples from the first double-blinded, randomised placebo 

controlled study designed to determine the effects of budesonide in addition to gluten-free diet in 

the mucosal healing of newly-diagnosed coeliac disease patients. The investigation of the featured 

mucosal barrier integrity and microbial translocation markers in the current study will: 1) provide 

evidence for the efficacy of budesonide in the treatment of newly-diagnosed coeliac disease, 2) 

provide insights into mucosal barrier healing and 3) provide evidence for the longitudinal utility 

of featured markers in coeliac disease.  

 

8.2 Materials and Methods 

8.2.1 Study Participants and Protocols 

Serum samples for the coeliac disease cohort (n=37) were obtained from newly diagnosed 

patients between the ages of 16 and 60 years. All patients had villous atrophy (Marsh III lesions) 

in endoscopic duodenal biopsies. Patients were excluded if duodenal lesions were of Marsh I-II 

grade as well as those with significant co-morbidity, including gastrointestinal and immune-related 

diseases or active infection. Additional exclusion criteria were abnormal liver test results, evidence 

of liver cirrhosis, use of inhaled steroids, treatment with anti-fungals, existing or intended 

pregnancy, known intolerance or hypersensitivity to the study drug or those similar in 
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pharmacological profile, participation in another coeliac disease clinical trial within the last 30 

days prior to enrolment or simultaneously, and well-founded doubt about patient compliance due 

to drug or alcohol addiction. In addition, patients who were on a gluten-free diet for more than 4 

weeks prior to commencement of the study were excluded from participation. 

Patients were participating in a phase IIb, randomised, double-blinded placebo-controlled 

trial to evaluate the efficacy and safety of oral budesonide in the induction of mucosal healing.162 

Participants were randomised to receive 9 mg once per day of an effervescent budesonide 

preparation or placebo for 8 weeks. All study participants were counselled to undertake a gluten-

free diet by an accredited practising dietitian to which adherence was assessed by direct 

questioning to be excellent. The patients had duodenal biopsies repeated after 3 months and 12 

months, in which the degree of mucosal healing was assessed by a pathologist blinded to the 

treatment. Sera evaluated in the current study was obtained from peripheral blood during baseline 

(i.e., ‘untreated’, at the time of study enrolment after the diagnosis of coeliac disease), at 4 weeks 

of the intervention, and at 8 weeks of the intervention. Thus, paired sera were available for the 

following scenarios: 

• Untreated coeliac disease 

• Gluten-free diet for 4 weeks 

o With or without budesonide treatment 

o With or without mucosal healing at 3 months 

• Gluten-free diet for 8 weeks 

o With or without budesonide treatment 

o With or without mucosal healing at 3 months 
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8.2.2 Commercial Assays 

 Levels of featured plasma and serum protein markers were determined by commercially-

available ELISA assays. Details of assays are indicated in Section 3.1.1 and assay methodology is 

indicated in Section 3.3.1. 

 

8.2.3 Statistical Analysis 

 Chapter 3.4 details general statistical analysis materials and methods used in this chapter. 

The following results in Section 8.3 report specific methods used for analysis. 

 

8.3 Results 

Complete mucosal healing, as indicated by duodenal biopsy Marsh score of 0, was 

achieved in 9 patients at the 3-month assessment; of these patients, 6 received budesonide 

treatment and 3 received placebo. Where noted, nonparametric tests were utilised for analysis due 

to the small number of patients who achieved mucosal healing; these tests were particularly utilised 

to analyse levels or percent changes of markers in the small placebo group. 

Absolute levels of featured protein markers at baseline/untreated, 4-week, and 8-week time 

points after following a gluten-free diet were determined for each study participant. These results 

are reported in the figures of this section. Percent changes were also determined for each protein 

marker. In the following figures, blue coloured points and/or lines denote patients who received 

budesonide (n=16), whereas patients who received placebo (n=14) are indicated in green. 

Individuals who achieved mucosal healing by the 3-month assessment are indicated in purple. 
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8.3.1 Syndecan-1 

 Shapiro-Wilk tests indicated nonparametric distributions of serum syndecan-1 levels for 

study participants. Figures 22A and B depicts absolute median syndecan-1 levels (ng/mL) in 

patients who received budesonide and placebo, respectively. Study participants who took 

budesonide had the highest median (IQR) of syndecan-1 levels in the baseline condition at 27 (77); 

they had similar median levels at the 4-week and 8-week time points at 23 (49) and 23 (55), 

respectively. No significant differences were detected by Friedman’s test, though a significant 

difference in levels was detected at the 4-week time point compared to baseline (p=0.008). Study 

participants who took placebo had the highest median syndecan-1 levels in the 8-week time point 

at 42 (143), followed by the 4-week time point at 35 (155), and the baseline condition at 19 (233). 

No significant differences were detected by Friedman’s test or in pairwise comparisons for the 

placebo group. A two-way repeated measures ANOVA did not indicate significant differences in 

syndecan-1 levels in relation to intervention or time. No interaction between intervention and time 

was observed.  

 Among the study participants who achieved mucosal healing at the 3-month assessment, 

those who took budesonide (n=6) had the highest median levels in the baseline condition at 61 

(126), closely followed by levels in the 8-week time point at 61 (122), then followed by levels at 

the 4-week intervention at 41 (103). Those who took placebo (n=3) and achieved complete 

mucosal healing had lower overall median levels; the highest levels were observed in the 4-week 

time point at 30 (25), followed by the baseline condition at 21 (35), and the 8-week time point at 

15 (47).  No significant differences were detected by Friedman’s test or in pairwise comparisons 

in both budesonide and placebo groups. A two-way repeated measures ANOVA did not indicate  
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Figure 22. Absolute and percent changes of serum syndecan-1 levels in newly-diagnosed 
coeliac disease patients undergoing treatment with budesonide or placebo and a gluten-free 
diet. Absolute serum syndecan-1 levels and percent changes are represented for newly-diagnosed 
coeliac disease patients. (A) indicates absolute median syndecan-1 levels (ng/mL) from baseline 
condition to week 8 in study participants who received budesonide (n=16) and (B) indicates levels 
in those who received placebo (n=14). Median percent changes are indicated for patients who 
received budesonide (C) and for those who received placebo (D). Absolute levels or percent 
changes of syndecan-1 in patients who achieved mucosal healing are indicated in purple; these 
include 6 patients in the budesonide group and 3 patients in the placebo group. Red bars represent 
medians for all study participants in the specified treatment group in (C) and (D). 
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significant differences in syndecan-1 levels with relation to intervention or time. No interaction 

between intervention and time was observed. 

Absolute syndecan-1 levels were compared in those with and without achievement of 

mucosal healing at the 3-month assessment in both budesonide and placebo groups. Two-way 

repeated measures ANOVAs did not indicate significant difference in syndecan-1 levels in relation 

to mucosal healing status or time in both groups. No interaction between mucosal healing status 

and time was observed. 

The percent changes of serum syndecan-1 levels between different study time points are 

represented in Figures 22C and D. Shapiro-Wilk tests indicated nonparametric distributions of 

percent changes in both groups of study participants. Study participants who took budesonide had 

the highest median percent change of syndecan-1 levels from the 4-week to 8-week time point at 

14% (53%). The overall percent change (i.e. from baseline to the 8-week time point) followed at -

9% (80%), then the baseline to 4-week time point at -14% (55%). No significant differences were 

detected by Friedman’s test, though a significant pairwise comparison was found between the 

overall percent change and the percent change between the 4-week to 8-week time point (p=0.011). 

Study participants who took placebo had the highest percent change of syndecan-1 levels from the 

4-week to 8-week time point at 13% (81%), followed by the overall percent change at 12% (73%), 

and the baseline to 4-week time point at -8% (89). No significant differences were detected by 

Friedman’s test or in pairwise comparisons. A two-way repeated measures ANOVA did not 

indicate significant differences in syndecan-1 levels in relation to intervention or time. No 

interaction between intervention and time was observed. 

Among patients who achieved mucosal healing at the 3-month assessment, those who took 

budesonide had the highest median syndecan-1 percent change occur in the baseline condition to 
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4-week time point at 61% (126%), closely followed by the overall percent change at 60% (122%), 

and the 4-week to 8-week time point at 41% (103%). Among mucosal healing achievers who took 

placebo, the highest median syndecan-1 percent change occurred in the 4-week to 8-week time 

point at 30% (25%), followed by the baseline condition to 4-week time point at 21% (35%), and 

the overall percent change at 15% (47%). No significant differences were detected by Friedman’s 

test or in pairwise comparisons for both budesonide and placebo groups. A two-way repeated 

measures ANOVA did not indicate significant differences in syndecan-1 levels in relation to 

intervention or time. No interaction between intervention and time was observed. 

Percent changes of syndecan-1 levels were compared in those with and without 

achievement of mucosal healing at the 3-month assessment in both budesonide and placebo 

groups. A two-way repeated measures ANOVA did not indicate significant difference in percent 

changes of syndecan-1 in relation to mucosal healing status or time in both groups. No interaction 

between mucosal healing status and time was observed. 

   

8.3.2 I-FABP 

 Shapiro-Wilk tests indicated nonparametric distributions of serum I-FABP levels for study 

participants. Figures 23A and B depicts absolute median syndecan-1 levels (ng/mL) in patients 

who received budesonide (n=12) and placebo (n=13), respectively. Study participants who took 

budesonide had the highest median I-FABP levels in the baseline condition at 2.2 (1.6), followed 

by the 4-week time point at 1.9 (1.5), and the 8-week time point at 1.3 (1.7). Study participants 

who took placebo had the highest median I-FABP levels in the baseline condition at 2.7 (1.6),  
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Figure 23. Absolute and percent changes of serum I-FABP levels in newly-diagnosed coeliac 
disease patients undergoing treatment with budesonide or placebo and a gluten-free diet. 
Absolute serum I-FABP levels and percent changes are represented for newly-diagnosed coeliac 
disease patients. (A) indicates absolute median I-FABP levels (ng/mL) from baseline condition to 
week 8 in study participants who received budesonide (n=12) and (B) indicates levels in those who 
received placebo (n=13). Median percent changes are indicated for patients who received 
budesonide (C) and for those who received placebo (D). Absolute levels or percent changes of I-
FABP in patients who achieved mucosal healing are indicated in purple; these include 5 patients 
in the budesonide group and 3 patients in the placebo group. Red bars represent medians for all 
study participants in the specified treatment group in (C) and (D). 
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followed by the 4-week time point at 2.0 (5.5), and the 8-week time point at 1.7 (1.8). No 

significant differences were detected by Friedman’s test or in pairwise comparisons in both 

budesonide and placebo groups. A two-way repeated measures ANOVA did not indicate 

significant differences in I-FABP levels with relation to intervention or time. No interaction 

between intervention and time was observed. 

Shapiro-Wilk tests indicated a nonparametric distribution in serum I-FABP levels for who 

achieved mucosal healing at the three-month assessment and took budesonide (n=5). These 

participants had the highest median levels observed at the 4-week time point at 1.8 (1.0), followed 

by the baseline condition at 1.6 (1.5), and the 8-week time point at 1.2 (4.3). Participants who 

achieved mucosal healing and took placebo (n=3) had the highest median levels were observed in 

the baseline condition at 2.7 (2.3), followed by the 8-week time point at 1.4 (1.1), and the 4-week 

time point at 1.1 (1.0). No significant differences were detected by Friedman’s test or in pairwise 

comparisons in both budesonide and placebo groups. A two-way repeated measures ANOVA did 

not indicate significant differences in I-FABP levels in relation to intervention or time. No 

interaction between intervention and time was observed. 

Absolute I-FABP levels were compared in those with and without achievement of mucosal 

healing at the 3-month assessment in both budesonide and placebo groups. Two-way repeated 

measures ANOVAs did not indicate significant differences in I-FABP levels in relation to mucosal 

healing status or time in both groups. No interaction between mucosal healing status and time was 

observed. 

The percent changes of serum I-FABP between study time points are represented in Figures 

23C and D. The highest median percent change was observed overall at 11% (67%), followed by 

the baseline to 4-week time point percent change at -3% (84), and the 4-week to 8-week percent 
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change at -28% (72%) in study participants who took budesonide. In those who took placebo, 

negative median percent changes were observed across all time point comparisons; the baseline 

condition to 4-week time point had the highest percent change at -29% (76), closely followed by 

percent change in the 4-week to 8-week time point at -29% (132%), and the overall percent change 

at -39% (70%). No significant differences were detected by Friedman’s test or in pairwise 

comparisons in both budesonide and placebo groups. 

Percent changes of I-FABP levels were compared in those with and without achievement 

of mucosal healing at the 3-month assessment in both budesonide and placebo groups. Two-way 

repeated measures ANOVAs did not indicate significant differences in percent changes of I-FABP 

in relation to mucosal healing status or time in both groups. No interaction between mucosal 

healing status and time was observed. 

 

8.3.3 LBP 

 Shapiro-Wilk tests indicated a nonparametric distribution of absolute LBP levels for study 

participants who took budesonide (n=14) and normal distributions for participants who took 

placebo (n=14). Figure 24A depicts median absolute LBP levels (µg/mL) in the budesonide group 

and Figure 24B depicts mean absolute LBP levels in the placebo group. Study participants who 

took budesonide had the highest median absolute LBP levels in the 8-week time point at 13 (7), 

followed by the 4-week time point at 11 (8), and the baseline condition at 10 (9). No significant 

differences were detected by Friedman’s test or in pairwise comparisons. Study participants who 

took placebo had the highest mean ± SEM in the baseline condition at 11 ± 2, followed by the 8-

week time point at 10 ± 1, and the 4-week time point at 9 ± 2. No significant differences were  
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Figure 24. Absolute and percent changes of serum LBP levels in newly-diagnosed coeliac 
disease patients undergoing treatment with budesonide or placebo and a gluten-free diet. 
Absolute serum LBP levels and percent changes are represented for newly-diagnosed coeliac 
disease patients. (A) indicates absolute median LBP levels (µg/mL) from baseline condition to 
week 8 in study participants who received budesonide (n=14) and (B) indicates levels in those who 
received placebo (n=14). Median percent changes and IQR are indicated for patients who received 
budesonide (C) and for those who received placebo (D). Absolute levels or percent changes of 
LBP in patients who achieved mucosal healing are indicated in purple; these include 5 patients in 
the budesonide group and 3 patients in the placebo group. Bars represent medians and IQRs in (C) 
and (D).  
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detected by a repeated measures one-way ANOVA or in pairwise comparisons. A two-way 

repeated measures ANOVA did not indicate significant differences in LBP levels with relation to 

intervention or time. No interaction between intervention and time was observed.  

Absolute LBP levels were compared in those with and without achievement of mucosal 

healing at the 3-month assessment in both budesonide and placebo groups. Two-way repeated 

measures ANOVAs did not indicate significant differences in LBP levels in relation to mucosal 

healing status or time in both groups. No interaction between mucosal healing status and time was 

observed. 

 Among study participants who achieved mucosal healing at the three-month assessment, 

those who took budesonide (n=5) had normal distributions of absolute serum LBP levels according 

to Shapiro-Wilk tests. The highest mean absolute LBP levels were observed at the 8-week time 

point at 13 ± 2, followed by the baseline condition at 11 ± 3, and the 4-week time point at 9 ± 3. 

No significant differences were detected by a repeated measures one-way ANOVA or in pairwise 

comparisons. Study participants who achieved mucosal healing at the three-month assessment and 

took placebo (n=3) had the highest median absolute LBP levels observed at the 8-week time point 

at 14 (7), followed by the baseline condition at 13 (8) and the 4-week time point at 10 (5). No 

significant differences were detected by a repeated measures one-way ANOVA or in pairwise 

comparisons. A two-way repeated measures ANOVA did not indicate significant differences in 

LBP levels with relation to intervention or time. No interaction between intervention and time was 

observed. 

 Shapiro-Wilk tests indicated nonparametric distributions in the percent changes of serum 

LBP levels for both budesonide and placebo groups. The percent changes of serum LBP between 

study time points are represented in Figures 24C and D.  Study participants who took budesonide 
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experienced the highest percent changes in levels from the 4-week to 8-week time point at 16 

(121), followed by the overall percent change at 13 (87), and the baseline to 4-week time point at 

0.9 (7). Participants in the placebo group experienced the highest percent change overall at 12 (51), 

followed by the 4-week to 8-week percent change at 9 (135), and the baseline to 4-week percent 

change at 0.2 (6.3). No significant differences were detected by Friedman’s test or in pairwise 

comparisons for both budesonide and placebo groups. A two-way repeated measures ANOVA did 

not indicate significant differences in LBP levels with relation to intervention or time. No 

interaction between intervention and time was observed. 

Percent changes of LBP levels were compared in those with and without achievement of 

mucosal healing at the 3-month assessment in both budesonide and placebo groups. Two-way 

repeated measures ANOVAs did not indicate significant differences in percent changes of LBP in 

relation to mucosal healing status or time in both groups. No interaction between mucosal healing 

status and time was observed. 

 

8.3.4 sCD14 

 Shapiro-Wilk tests indicated normal distributions of absolute sCD14 levels for study 

participants who took budesonide (n=12) and placebo (n=14). Figure 25A depicts median absolute 

sCD14 levels (µg/mL) in the budesonide group and Figure 25B depicts mean absolute sCD14 

levels in the placebo group.  The highest mean levels in the budesonide group were detected at the 

4-week time point at 1.4 ± 0.1, followed by the 8-week time point at 1.3 ± 0.2, and the baseline 

condition at 1.3 ± 0.1. The highest mean levels for the placebo group were detected in the baseline 

condition at 1.4 ± 0.1, followed by the 8-week condition at 1.2 ± 0.1, and the 4-week condition at 

1.1 ± 0.1. No significant differences were detected by Friedman’s test or in pairwise comparisons  
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Figure 25. Absolute and percent changes of serum sCD14 levels in newly-diagnosed coeliac 
disease patients undergoing treatment with budesonide or placebo and a gluten-free diet. 
Absolute serum sCD14 levels and percent changes are represented for newly-diagnosed coeliac 
disease patients. (A) indicates absolute median sCD14 levels (µg/mL) from baseline condition to 
week 8 in study participants who received budesonide (n=12) and (B) indicates levels in those who 
received placebo (n=14). Median percent changes and IQR are indicated for patients who received 
budesonide (C) and for those who received placebo (D). Absolute levels or percent changes of 
sCD14 in patients who achieved mucosal healing are indicated in purple; these include 3 patients 
in the budesonide group and 3 patients in the placebo group. Red bars represent medians for all 
study participants in the specified treatment group in (C) and (D).  
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for both budesonide and placebo groups. A two-way repeated measures ANOVA did not indicate 

significant differences in sCD14 levels with relation to intervention or time. No interaction 

between intervention and time was observed. 

As Shapiro-Wilk tests indicated normal distributions in both mucosal healers and non-

healers at the 3-month assessment for absolute sCD14 levels in both study cohorts, tests associated 

with normal distributions were utilised for analysis regarding mucosal healers. The highest mean 

levels in the budesonide group (n=3) were observed in the 8-week time point at 1.7 ± 0.5, followed 

by the baseline condition at 1.6 ± 0.3, and the 4-week time point at 1.3 ± 0.2. The highest mean 

levels in the placebo group (n=3) were observed at the baseline condition at 1.5 ± 0.2, followed by 

the 8-week time point at 1.3 ± 0.3, and the 4-week time point at 1.2 ± 0.2. No significant differences 

were detected by Friedman’s test or in pairwise comparisons for both budesonide and placebo 

groups. A two-way repeated measures ANOVA did not indicate significant differences in sCD14 

levels with relation to interaction or time. No interaction between intervention and time was 

observed. 

Absolute sCD14 levels were compared in those with and without achievement of mucosal 

healing at the 3-month assessment in both budesonide and placebo groups. Two-way repeated 

measures ANOVAs did not indicate significant differences in sCD14 levels in relation to mucosal 

healing status or time in both groups. No interaction between mucosal healing status and time was 

observed. 

Shapiro-Wilk tests indicated nonparametric distributions in the percent changes of serum 

sCD14 levels for both budesonide and placebo groups. The percent changes of serum sCD14 

between study time points are represented in Figures 25C and D.  In the budesonide group, the 

highest median percent change occurred in the baseline to 4-week time point at 1.6% (48%), 
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followed by the overall percent change at 1.2% (56%), and the percent change in the 4-week to 8-

week time point at -12% (61%). Median percent changes in the placebo group were negative; the 

highest percent change occurred overall at -16% (59%), followed by both the baseline to 4-week 

time point and the 4-week to 8-week time point at -5% (56%). No significant differences were 

detected by Friedman’s test or in pairwise comparisons for both budesonide and placebo groups. 

A two-way repeated measures ANOVA did not indicate significant differences in sCD14 levels 

with relation to interaction or time. No interaction between intervention and time was observed. 

Percent changes of sCD14 levels were compared in those with and without achievement of 

mucosal healing at the 3-month assessment in both budesonide and placebo groups. Two-way 

repeated measures ANOVAs did not indicate significant differences in percent changes of LBP in 

relation to mucosal healing status or time in both groups. No interaction between mucosal healing 

status and time was observed. 

 

8.3.5 Marker Correlations 

 All absolute levels as well as percent changes of each marker were correlated within each 

respective intervention for study participants. As previously mentioned, individuals were omitted 

from analysis if there was incomplete testing of markers due to lack of available sera. No 

correlation analysis was conducted in the mucosal healing cohorts due small sample sizes. 

 A positive, significant correlation was found between absolute LBP and sCD14 levels in 

the baseline condition (p=0.0008, Pearson’s r = 0.53, n=34). Aside from this correlation, there 

were no other significant correlations between absolute markers levels. Significant correlations of 

percent changes were observed for markers within the same period of time and treatment; a 

positive, significant correlation was observed between syndecan-1 and LBP percent changes in 
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individuals who took budesonide from the baseline condition to 4-week time point (p=0.012, 

r=0.662, n=14) and a negative, significant correlation was observed between syndecan-1 and 

sCD14 (p=0.002, Spearman’s r=-0.811, n=12) in these same conditions. A positive, significant 

correlation was observed between I-FABP and sCD14 percent changes in individuals who took 

placebo from the baseline condition to 4-week time point (p=0.019, r=0.648, n=10). Another 

positive, significant correlation was also observed between LBP and sCD14 percent changes in 

participants who took placebo from the 4-week to 8-week time point (p=0.040, r=0.56, n=12).  

 

8.4 Discussion 

    The number of these patients who achieved complete mucosal healing at the 3-month 

assessment and took budesonide along with a gluten-free diet was double the amount of those who 

took placebo, which was essentially a gluten-free diet alone. This evidence suggests that 

budesonide may enhance mucosal healing in some newly-diagnosed coeliac disease patients. 

However, as shown by the results, it is unclear whether levels of circulating protein markers are 

reliable indicators of mucosal healing when patients are undergoing treatment with budesonide, 

particularly with regards to syndecan-1, I-FABP, and sCD14, as these markers, which have been 

suggested for use in monitoring mucosal healing coeliac disease, followed a similar pattern in these 

patients. Longitudinal differences in signals of these proteins, particularly with regard to percent 

change of protein levels, were not as robust in budesonide-treated patients compared to those who 

took placebo. 

As previously mentioned, depletion of syndecan-1 alters cell morphology and organization 

at the epithelial barrier. As individuals who achieved mucosal healing at the 3-month assessment 

had lower median syndecan-1 levels than their counterparts who did not heal, the observed 



	

 173 

decrease may be associated with increased healing; this result is consistent with previous research 

in paediatric coeliac patients.78 However, levels of syndecan-1 remained heightened in study 

participants who took budesonide in patients who achieved mucosal healing than those who took 

placebo. This may suggest that budesonide may interact with syndecan-1 levels and not be 

indicative of mucosal healing. Curiously, the percent change in levels from baseline to the 4-week 

time point were positively and significantly correlated with LBP levels, yet the inverse was found 

with sCD14 in the budesonide group in the same conditions; however, this trend was not sustained 

from the 4-week to 8-week period nor was it sustained overall (i.e. from baseline to the 8-week 

time point, which was closer to the 3-month biopsy assessment). As the current evidence stands, 

the data support the evidence that syndecan-1 may be a promising longitudinal marker to indicate 

mucosal healing in coeliac patients undergoing a traditional, gluten-free diet treatment regimen 

alone. However, no statistically significant associations between healing status and intervention 

time point nor treatment and intervention time point were observed.  

The current I-FABP results support, though not strongly, the evidence for the marker’s use 

in investigating coeliac disease. The median I-FABP levels of mucosal healers were lower than 

those who did not heal, though these results were not statistically significant. A decrease in the 

percent changes of I-FABP levels were observed for individuals who underwent treatment with 

placebo; as such, the placebo results, which show the effects of a gluten-free diet alone on mucosal 

healing in coeliac disease supports previous evidence. However, the same trend was not observed 

in those who were treated with budesonide; the percent changes of median I-FABP levels over 

time were not as consistent and fluctuated from positive to negative. Similar to the results of 

syndecan-1 levels, the results suggest an interaction of budesonide with I-FABP levels. However, 
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there were no overall statistically significant associations observed between healing status and 

intervention time point nor treatment and intervention time point.  

No significant differences in absolute or percentage changes in LBP levels were observed 

for either budesonide and placebo groups as well as patients who achieved mucosal healing. Large 

variations of LBP levels were observed within the percent changes of protein levels over time in 

both budesonide and coeliac disease groups. As this is the first evidence of the measurement of 

LBP in the treatment of coeliac disease, this marker alone does not appear to be of value for the 

indication of mucosal healing. Results for sCD14 had less variation and decreases in levels as well 

as percent changes over time were observed, which may be associated with less microbial 

translocation during the progression of the healing process. Although these results were not 

statistically significant, they are consistent with previous evidence that suggests lower sCD14 

levels are associated with a healthy mucosal barrier.89 A similar pattern to I-FABP percent changes 

was observed; the placebo group had consistently lower, negative sCD14 percent changes over 

time whereas higher percent changes were observed for the budesonide group. Taken together, 

usage these markers alone do not provide a comprehensive representation of mucosal healing and 

associated decrease in microbial translocation, though their use together may provide a more 

accurate indication. 

Similar to the results found in the NCWS cohort, a significant, positive correlation was 

observed for LBP and sCD14 in absolute values at the baseline condition and in percent changes 

in participants who took placebo from the 4-week to 8-week time point. These results provide 

evidence for microbial translocation associated with coeliac disease pathology at the baseline 

condition. Evidence of positive, significant correlations between LBP and sCD14 in the latter 4-

week to 8-week time point on a gluten-free diet alone suggests that these proteins may remain in 
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concordance with one another in a lack of mucosal healing and subsequent state of increased 

microbial translocation; the same results during this time period were not observed for the 

budesonide group, in which more participants achieved mucosal healing. However, as previously 

mentioned, small sample sizes of mucosal healers were limitations to knowing the longitudinal 

value of LBP and sCD14 level concordance.  

In conclusion, although few significant associations or relationships were observed in 

absolute levels or percent changes of markers, possibly reflecting small numbers, trends in levels, 

particularly with regard to syndecan-1, I-FABP, and sCD14 were observed. There were similar 

findings with budesonide therapy, such that no specific budesonide effects were noted. Levels of 

syndecan-1 and I-FABP have been proposed as useful longitudinal non-invasive markers of 

mucosal healing, or at least improvement, as outlined in Chapter 1. However, despite trends, the 

current evidence cannot support the clinical value of any of the markers evaluated in following the 

individual’s progress. In the current study, they are altered to a point that does not indicate their 

longitudinal utility in signalling mucosal barrier integrity and microbial translocation. A potential 

variable that might be responsible for the discrepancy in results compared to past research includes 

time point of disease assessment. In this respect, serological samples utilised in the current study 

are from patients early in their disease course and are carefully assessed in histology. Future studies 

may extend the assessment of marker levels and their association with mucosal healing to later 

time points associated with biopsy-proven mucosal healing and determine whether the effects of 

budesonide are observed on long-term levels.  
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CHAPTER 9 

 

CROSS-SECTIONAL ANALYSIS OF GASTROINTESTINAL 

DISEASE COHORTS AND HEALTHY INDIVIDUALS 

 

9.1 Introduction 

 Aside from the investigation of zonulin in Chapters 4 and 5, each previous chapter 

investigates levels of featured circulating markers in interventions associated with different 

gastrointestinal diseases or models of disease. The results of these chapters provide information 

on the longitudinal value of each marker in specific disease states and associated interventions. 

The current chapter brings together the collective results in a cross-sectional analysis of featured 

markers in each gastrointestinal disease investigated and in healthy controls. Marker levels of 

serological samples from baseline conditions of serological samples are investigated. The 

information in this chapter characterises marker levels in gastrointestinal diseases and in healthy 

controls. The analysis will help determine whether certain markers or combinations thereof may 

be indicative of gastrointestinal disease. 
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9.2 Materials and Methods 

9.2.1 Study Participants and Protocols 

 Baseline levels of featured markers in serological samples from gastrointestinal disease 

cohorts (NCWS, untreated coeliac disease, and ASUC) and a cohort of healthy individuals are 

included in this chapter. Correlations between absolute marker levels are also included in the 

analysis. 

 

9.2.2 Commercial Assays 

 Levels of featured plasma protein markers were determined by commercially-available 

ELISA assays. Details of assays are indicated in Section 3.1.1 and assay methodology is indicated 

in Section 3.3.1. 

 

9.2.3 Statistical Analysis 

 Chapter 3.4 details general statistical analysis materials and methods used in this chapter. 

The following results in Section 9.3 report specific methods used for analysis. 
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9.3 Results 

 Absolute levels of featured protein markers were determined for each gastrointestinal 

disease patient at baseline condition (prior to any dietary or drug intervention) and in healthy 

individuals. The results are indicated in the following figures for each section pertaining to a 

featured marker. Differences in sample size amongst markers due to lack of sera available or 

otherwise are indicated in each section. 

 

9.3.1 Syndecan-1 

 Shapiro-Wilk tests indicated nonparametric distributions of absolute serum syndecan-1 

levels at baseline conditions (i.e. before any dietary or drug interventions) in all gastrointestinal 

disease cohorts and in healthy individuals. Figure 26 depicts absolute syndecan-1 levels (ng/mL) 

in these patients and controls at baseline conditions. The highest median (IQR) of absolute 

syndecan-1 levels were found in the ASUC cohort (n=12) at 97 (111), followed by the NCWS 

cohort (n=34) at 42 (50), then the untreated coeliac disease cohort (n=36) at 24 (76), and healthy 

individuals (n=49) at 23 (45).  The overall difference in distribution amongst cohorts, as indicated 

by Kruskal-Wallis test, was significant (H=14.55, p=0.0022). Significant pairwise comparisons, 

as observed by Mann-Whitney U tests, were found between NCWS and ASUC (p=0.025) cohorts, 

untreated coeliac cohort disease and ASUC cohorts (p=0.021), NCWS cohort and healthy controls 

(p=0.018), and the ASUC cohort and healthy controls (p<0.001).  
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Figure 26. Absolute syndecan-1 levels in gastrointestinal disease and healthy individuals at 
baseline conditions. Absolute serum syndecan-1 levels are represented for individuals with 
NCWS (n=34), untreated coeliac disease (n=36), ASUC (n=12), and healthy controls (n=49). 
Significant pairwise comparisons were found between NCWS and ASUC (p=0.025), untreated 
coeliac disease and ASUC (p=0.021), NCWS and healthy controls (p=0.018) and ASUC and 
healthy controls (p<0.001). Red bars represent medians of syndecan-1 levels per group.  
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9.3.2 I-FABP 

 Shapiro-Wilk tests indicated nonparametric distributions of absolute serum I-FABP levels 

in gastrointestinal disease cohorts and in healthy individuals. Figure 27 depicts absolute I-FABP 

levels (ng/mL) in these patients and controls at baseline conditions. The highest median (IQR) of 

absolute I-FABP levels were found in the untreated coeliac disease cohort (n=32) at 2.2 (1.8), 

followed by healthy individuals (n=49) at 2.0 (3.1), then the NCWS cohort (n=34) at 0.86 (0.76), 

and the ASUC cohort (n=20) at 0.6 (0.5). As indicated by Kruskal-Wallis test, the overall 

difference in distribution amongst cohorts was significant (H=62.24, p<0.0001). Significant 

pairwise comparisons, as observed by Mann-Whitney U tests, were found between the NCWS and 

untreated coeliac disease cohorts (p<0.0001), NCWS and ASUC (p=0.013) cohorts, NCWS cohort 

and healthy individuals (p<0.0001), untreated coeliac disease cohort and ASUC cohort 

(p<0.0001), and the ASUC cohort and healthy individuals (p<0.0001).  

 

9.3.3 LBP 

 Shapiro-Wilk tests indicated nonparametric distributions of absolute serum LBP levels in 

gastrointestinal disease cohorts and in healthy individuals. Figure 28 depicts absolute LBP levels 

(µg/mL) in these patients and controls at baseline conditions. The highest median (IQR) of absolute 

serum LBP levels was observed in the ASUC cohort (n=20) at 18 (12), followed by the healthy 

controls (n=49) at 16 (19), then the NCWS cohort (n=35) at 12 (6), and the untreated coeliac 

disease cohort at 8 (10). A Kruskal-Wallis test indicated the overall difference in distribution 

amongst cohorts was significant (H=16.13, p=0.0011). Significant pairwise comparisons, as 

determined by Mann-Whitney U tests, were found between NCWS and ASUC cohorts (p=0.0006),  
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Figure 27. Absolute I-FABP levels in gastrointestinal disease and healthy individuals at 
baseline conditions. Absolute serum I-FABP levels are represented for individuals with NCWS 
(n=34), untreated coeliac disease (n=32), ASUC (n=20), and healthy controls (n=49). Significant 
pairwise comparisons were found between NCWS and untreated coeliac disease (p<0.0001), 
NCWS and ASUC (p=0.0128), NCWS and healthy controls (p<0.0001), untreated coeliac disease 
and ASUC (p<0.0001), and ASUC and healthy controls (p<0.0001). Red bars represent medians 
of I-FABP levels per group. 
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Figure 28. Absolute LBP levels in gastrointestinal disease and healthy individuals at baseline 
conditions. Absolute serum LBP levels are represented for individuals with NCWS (n=34), 
untreated coeliac disease (n=34), ASUC (n=20), and healthy controls (n=49). Significant pairwise 
comparisons were found between NCWS and ASUC cohorts (p=0.0006), untreated coeliac disease 
and ASUC cohorts (p=0.0002), and the untreated coeliac disease cohort and healthy controls 
(p=0.0117). Red bars represent medians of LBP levels per group. 
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untreated coeliac disease and ASUC cohorts (p=0.0002), and the untreated coeliac disease cohort 

and healthy controls (p=0.0117). 

 

9.3.4 sCD14 

Shapiro-Wilk tests indicated nonparametric distributions of absolute serum sCD14 levels 

in gastrointestinal disease cohorts and in healthy individuals. Figure 29 depicts absolute sCD14 

levels (µg/mL) in these patients and controls at baseline conditions. The highest median (IQR) of 

absolute serum sCD14 levels were observed in the untreated coeliac disease cohort (n=34) at 1.4 

(0.7), followed by the NCWS cohort (n=35) at 1.4 (1.0), the ASUC cohort (n=20) at 1.1 (0.9), and 

the healthy controls (n=49) at 1.2 (1.5). A Kruskal-Wallis test indicated the overall difference in 

distribution amongst cohorts was not significant and no significant pairwise comparisons were 

detected. 

 

9.3.5 Marker Correlations 

 Baseline levels of markers within cohorts of gastrointestinal disease and healthy 

individuals were correlated with one another using Spearman’s r. Figure 30 depicts the significant 

correlations found within cohorts. A positive, significant correlation was observed between LBP 

and sCD14 for all patient cohorts, though no significant correlation was found for healthy 

individuals. A significant correlation was also observed between syndecan-1 and sCD14 in healthy 

controls (p=0.010, r=0.356).  
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Figure 29. Absolute sCD14 levels in gastrointestinal disease and healthy individuals at 
baseline conditions. Absolute serum sCD14 levels are represented for individuals with NCWS 
(n=35), untreated coeliac disease (n=34), ASUC (n=20), and healthy controls (n=49). No 
significant pairwise comparisons were found between groups. Red bars represent medians of 
sCD14 levels per group. 
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Figure 30. Significant correlations of absolute marker levels in patients with gastrointestinal 
disorders and in healthy controls. A positive, significant correlation of absolute marker levels 
were observed between LBP and sCD14 in all patient cohorts and between syndecan-1 and sCD14 
in healthy controls. (A), (B), and (C) describes the correlation between LBP and sCD14 levels in 
individuals with non-coeliac wheat sensitivity (p=0.043, r=0.344, n=35), coeliac disease (p=0.001, 
r=0.0534, n=34), and acute severe ulcerative colitis (p=0.006, r=0.596, n=20), respectively. (D) 
describes the correlation between syndecan-1 and sCD14 levels in healthy controls (p=0.010, 
r=0.365). 
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9.4 Discussion 

 The results of this chapter provide a characterisation of featured marker levels in patients 

with different gastrointestinal diseases, previously featured in specific trials, and in healthy 

individuals, at baseline conditions before any dietary or drug interventions. The cross-sectional 

analysis conducted allows for the comparison of marker levels to the literature, establishment of 

marker levels that have not previously been characterised, and determination of the utility of 

markers in the indication of disease/site-specificity of abnormal levels. 

 

9.4.1 Syndecan-1 

 The median absolute syndecan-1 levels observed matched previous levels reported in the 

literature for healthy controls. A study that profiled syndecan-1 levels in IBD reported levels of 21 

ng/mL in healthy individuals with a median age of 38, which closely paralleled the observed results 

of 23 ng/mL in healthy individuals with a mean age of 39.68 However, it is not reported whether a 

normal range was claimed and/or whether outliers were observed in the previous study. The most 

significant elevation in syndecan-1 levels was found in the ASUC cohort. Our results are consistent 

with the current literature; as previously mentioned in Chapter 1, the evidence of syndecan-1 as a 

reliable marker of disease remains strongest for IBD, presumably due to its close association with 

inflammatory cascades. Heightened syndecan-1 levels were also found in the NCWS/IBS cohort, 

as outlined in Chapter 7. There is currently no previous literature that details levels; the current 

research is the first to report syndecan-1 levels in a cohort of individuals with NCWS/IBS. As 

ulcerative colitis and IBS are colonic-associated conditions, the current results suggest that 

heightened syndecan-1 levels may be indicative of localised colonic epithelial injury. 
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Three outliers with heightened levels were observed in the healthy control cohort. The 

particular control subject with the highest syndecan-1 levels had a history of anxiety, though it was 

unknown whether the subject had a relapse of psychiatric illness and/or high stress levels at the 

time of study enrolment. The effects of psychiatric illness/stress on syndecan-1 levels is currently 

unknown; there has been no previous research examining potential links. 

Syndecan-1 has also been recommended as a marker for coeliac disease in a previous study 

that observed heightened levels in paediatric patients compared to controls (with abdominal pain), 

which also correlated to mucosal damage.78 However, syndecan-1 levels in the current study’s 

untreated coeliac disease cohort did not significantly differ from that of healthy controls, though 

the proportion with marked elevation in levels was much higher, similar to the previous study. 

However, the most significant commonality between the previous study and current research is 

syndecan-1’s ability to indicate mucosal healing longitudinally. Therefore, as a cross sectional 

marker, syndecan-1 may not be a robust indicator of disease, particularly in the case of coeliac 

disease. 

 

9.4.2 I-FABP 

 The current study’s results indicate heightened median I-FABP levels in untreated coeliac 

disease and healthy controls compared to colonic conditions (i.e. ASUC and NCWS/IBS). Similar 

median levels and distributions were found in a study by Uhde, Ajamian et al. for both coeliac 

disease and healthy control cohorts.2 As I-FABP is a marker of enterocyte damage and is primarily 

found in the jejunum, heightened levels in untreated coeliac disease would be expected. However, 

levels between the untreated coeliac disease and healthy controls group remained similar and not 
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statistically different from one another. This result signals the inability of the marker to 

differentiate healthy controls from diseased cohorts. 

Unforeseen or temporary intestinal damage, perhaps due to diet, alcohol, exercise, or 

medications that individuals in the healthy control cohort consumed may certainly be a contributor 

to heightened levels. When clinical notes were consulted, one particular healthy individual with 

heightened levels consumed 5 alcoholic drinks the night before blood collection. In this case, levels 

may have been heightened in response to alcohol-induced damage. Among the individuals with 

the top 5 highest levels, 4 were males between the ages of 25-32. Unfortunately, no further 

information on drinks recently consumed or drinking habits for other subjects was available. A 

recent study in the United Kingdom has determined that alcohol consumption peaks at age 25 

around 13 drinks per week, which fits the demographic of high I-FABP producers in the current 

study’s healthy cohort.191 Further studies are warranted to investigate alcohol-induced intestinal 

damage and its consequences on circulating markers. Another individual with heightened levels 

recently passed a biliary stone and was on the medications Valdoxan and statins. No further 

information on current psychiatric state or triglyceride levels were available for this particular 

subject. However, as suggested in previous chapters, the strength of evidence remains that I-

FABP’s utility as a marker of mucosal barrier dysfunction remains in longitudinal, rather than 

cross-sectional studies.  

 

9.4.3 LBP and sCD14 

The highest median LBP levels were found in ASUC patients; these levels were statistically 

significant from those observed in non-coeliac wheat sensitivity and untreated coeliac disease. 

However, heightened levels were also found in the healthy controls cohort, which surpassed 
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NCWS and untreated coeliac disease levels. A wide distribution of LBP levels in healthy controls 

has been previously reported in Uhde, Ajamian et al. These results indicate that cross-sectional 

LBP levels are unable to distinguish between gastrointestinal disease cohorts and healthy controls. 

No significant medians amongst groups or in pairwise comparisons were observed for sCD14. The 

results also confirm sCD14’s inability to distinguish between gastrointestinal disease cohorts and 

healthy controls in cross-sectional analysis. 

 

9.4.4 Marker Correlations 

As indicated in Figure 5, each gastrointestinal disease cohort had a significant, positive 

correlation between LBP and sCD14 levels, which confirms concordance between the two 

endotoxin-related markers and immune activation characteristic of microbial translocation. A 

negative, non-significant correlation was observed for healthy controls, which provides evidence 

that the endotoxin-associated response associated with microbial translation is unlikely to be 

observed in healthy individuals. The significant correlation between syndecan-1 and sCD14 in 

healthy individuals has also been paralleled in cohorts with gastrointestinal disease within the 

previous chapters that feature longitudinal studies; these collective results are discussed in Chapter 

10. The results may suggest concurrent inflammatory cascade and macrophage-associated 

activation.  

 

9.4.5 Summary 

The results from cross-sectional comparison of featured markers confirm that they have 

the best utility in longitudinal studies. Aside from syndecan-1, absolute levels of I-FABP, LBP, 

and sCD14 in patients with gastrointestinal disease (with the exception of LBP levels in ASUC) 
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were not significantly different than levels in healthy individuals. In this respect, the individual 

markers were unable to detect disease. The results also contribute to evidence that syndecan-1 may 

have utility in the indication of colonic epithelial injury. A positive, significant correlation of LBP 

and sCD14 levels appeared to discriminate between individuals with gastrointestinal disease and 

healthy individuals. This result demonstrates that marker combinations may be more effective in 

the indication of disease than individual markers.  
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CHAPTER 10 
 

GENERAL DISCUSSION 
 

10.1  Introduction 

 Impaired intestinal barrier integrity has received increasing attention as a proposed 

mechanism of gastrointestinal disease pathogenesis. Some circulating plasma or serological 

protein candidates have arisen as markers to assess the extent of intestinal barrier damage and 

resulting microbial translocation. Previous studies have noted elevations in these markers linked 

to gastrointestinal disease, though it is unclear whether these markers may be of clinical use due 

to methodological shortcomings in detection or investigation with samples that have not been well-

characterised.  

 The results found in this thesis help resolve whether featured markers of impaired intestinal 

barrier integrity and microbial translocation are indeed helpful to indicate gastrointestinal disease. 

Featured markers of intestinal barrier damage (i.e., zonulin and syndecan-1) and markers of 

resulting microbial translocation (i.e., LBP and sCD14) were investigated in well-characterised 

cohorts of gastrointestinal disease, an exercise-induced gastrointestinal damage model in 

otherwise healthy subjects, and healthy individuals. The investigation yielded several important 

facts, specific indications, and efficacy of use for the markers. 

 A summary of results for each featured marker is presented in the following sections. 

Common themes with regards to marker levels between diseases, interventions and models are 

explored. In addition, efficacy of use pertaining to each marker is indicated. Future directions for 

further study are also recommended. 
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10.2 Zonulin 

 Chapters 4 and 5 explore the role of zonulin in indicating gastrointestinal damage. As 

previously detailed, zonulin is a putative reversible modulator of intestinal epithelial tight 

junctions. Heightened zonulin levels are linked to “gut leakiness,” which is implicated in a variety 

of gastrointestinal disorders and suggested in various other extra-intestinal conditions. Despite its 

growing popularity as a biomarker, limited evidence supported its efficacy as a marker of 

gastrointestinal dysfunction. Commercially-available assays for measuring zonulin concentrations 

in plasma or serum were chosen for use, as most of the concepts and current understanding of the 

response of zonulin in health and disease states was built around results from these assays. As 

reported in the Supplementary Table, over 70 independent original studies used these assays. 

However, inconsistencies in the results obtained were noted and it was determined that current 

commercial assays are not detecting actual zonulin protein. In this respect, there can be no 

confidence in the current detection methods; therefore, as it currently stands, circulating zonulin 

concentration is not a useful marker. Research efforts in Chapter 5 aimed to determine the identity 

of the proteins detected by the commercial assays. Complement C3 and haptoglobin, of which 

zonulin is a pre-form protein, were top matches. However, neither protein bound to the commercial 

assay capture antibodies. A concurrent publication observed similar results.156  

 As detailed in Chapter 5, complement-associated proteins and haptoglobin share similar 

homology and closely interact with one another. These associations warrant further investigation 

in the context of intestinal epithelial barrier function. It has been shown that complement C3 may 

also modulate the intestinal epithelial barrier, though whether this regulation is in a zonulin-

dependent manner is to be determined.  
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 Taking a purely pragmatic approach, there are assays currently used in the clinical setting 

of which the actual proteins or protein behaviours being measured are not known. The erythrocyte 

sedimentation rate is one example.192 In this respect, perhaps levels of purported zonulin, as 

advertised by commercial assay, may still have utility as a marker. However, there was no 

consistency of the findings in the human models of intestinal injury and barrier dysfunction that 

could be translated into clinical value. 

 Our findings regarding the inability of commercial assays to detect serum zonulin have 

been recently published in PLOS ONE, which is an initial step in transmitting this necessary 

information to the scientific community. Despite this, continuing use of the assays may occur. 

Next steps include informing companies that have manufactured the assays (i.e. CUSABIO and 

Immundiagnostik) of the results from both studies. It is imperative that these companies take 

responsibility to remove the product and notify those who have bought it.  

 In conclusion, the protein zonulin, as it currently stands, is not recommended for use as a 

circulating marker of gastrointestinal dysfunction. Until methodology of detection is improved, 

we urge the scientific and clinical communities to exercise caution in considering the measurement 

of serum zonulin as a biomarker of intestinal epithelial barrier integrity and permeability. 

 

10.3 Syndecan-1 

 Syndecan-1, a proteoglycan involved in adhesion between cells and extracellular matrices, 

has also emerged as a candidate biomarker of intestinal epithelial barrier integrity. Like zonulin, 

syndecan-1 is linked to maintenance of the paracellular pathway. As such, it is implicated in the 

pathogenesis of gastrointestinal disease. However, there is limited previous research into its role 

as a specific serological marker of gastrointestinal disease. 
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 The current studies provide evidence that the utility of syndecan-1 lies in longitudinal 

analysis and detecting intestinal injury. Specifically, in concert with I-FABP, it may indicate 

colonic epithelial barrier injury. In all studies of gastrointestinal cohorts included in this thesis, 

syndecan-1 levels did not significantly correlate with I-FABP levels, which is a specific marker 

for small intestinal injury. The strongest observation for this case was demonstrated in the NCWS 

cohort featured in Chapter 7. The data suggest that serum syndecan-1 levels may reflect the 

potential effects of a low-FODMAP diet in reducing colonic epithelial injury and thus limiting 

LPS exposure in individuals with NCWS. Trends were observed in the ability of syndecan-1 to 

track longitudinal mucosal healing in coeliac disease (Chapter 8), though no significant results 

were detected.  

As indicated in Chapter 9, extremely high syndecan-1 levels were detected in a few healthy 

individuals. Recruitment for healthy controls was primarily based on the absence of 

gastrointestinal or immune abnormalities. Unless the information was voluntarily stated or 

inferred, no information about lifestyle (e.g. physical fitness and smoking status), diet, or 

psychiatric illness was collected. Indeed, variables such as dietary or psychological stress, as 

previously discussed, may affect the intestinal epithelial barrier. Unforeseen comorbidities, which 

may or may not be linked to the intestinal barrier, may also be causative factors linked to high 

levels. Prolonged, intense physical exertion may contribute to heightened levels as well, and heat 

exacerbates the effect, as demonstrated in Chapter 5. 

In addition to confounders related to intestinal effects, there exist extra-intestinal 

confounders that influence circulating syndecan-1 levels. As syndecan-1 is ubiquitously expressed 

throughout epithelia and endothelia, it can be difficult to determine whether heightened levels are 

actually due to gastrointestinal effects in the case of comorbidities (e.g. cancer). As such, 
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localisation of syndecan-1 levels to the gastrointestinal tract may be very difficult to pinpoint and 

a degree of interpretation is required. In this respect, patients must be rigorously screened for 

possible comorbidities. Shed syndecan-1, as evidenced by heightened circulating levels, correlates 

with growth- and angiogenic-related factors linked to tumour development in cancers.152 

The best evidence to localise elevated syndecan-1 levels to the intestinal tract may be its 

correlation with other related markers as well as investigation of protein expression in longitudinal 

biopsies. As detailed in Chapter 1, the loss of syndecan-1 core protein and ectodomain components 

has been shown to increase protein efflux into the gut lumen, indicating dysregulation of the 

intestinal epithelial barrier through intercellular spaces.55 An interpretation that compares levels of 

syndecan-1 expression and circulating protein may provide evidence for localisation. For example, 

an individual with gastrointestinal disease may have low syndecan-1 expression in a particular 

intestinal biopsy sample, though high circulating syndecan-1 levels at that particular time point. If 

syndecan-1 expression in biopsy samples increases in the healing process, along with decreases in 

circulating levels, disease location (as evidenced by biopsy sample) and mechanism relating to 

syndecan-1, may be inferred. Similar analyses have been made in neoplastic disease in regards to 

cellular localisation of syndecan-1.152  

 In summary, it is evident that one cross-sectional value of syndecan-1 levels is not enough 

to glean a comprehensive clinical picture due to inter-individual factors. Longitudinal levels, in 

combination with vigilance of aforementioned variables and comprehensive clinical information, 

are required for its utility in tracking intestinal epithelial injury. Avenues for future research 

regarding the potential of syndecan-1 as a biomarker involve affirming its ability to detect colonic 

epithelial injury. This can be achieved by investigating longitudinal mucosal healing, as evidenced 
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by biopsy samples, in patients with colonic-specific disturbances. In addition, an inquiry into how 

stress, particularly psychological, may affect syndecan-1 levels is also an area of interest.  

 

10.4 I-FABP 

 I-FABP is a protein released by intestinal epithelial cells in response to damage. I-FABP 

is primarily expressed in the small intestine and thus is a specific marker for epithelial damage in 

this location, though it is also expressed in the large intestine in small quantities. In this respect, I-

FABP was utilised as a localising marker for small intestinal epithelial damage in the featured 

investigations. 

 Elevated levels were found in coeliac disease (Chapters 8 and 9) compared to colonic 

disease (i.e. ASUC) and healthy controls (although it was a slight elevation, most likely due to 

confounding variables discussed), which reflects its role in detecting small-bowel enteropathy, and 

in the model of exercise-induced gastrointestinal damage (Chapter 6). The results in Chapter 7 

indicated that I-FABP levels were not as strongly affected as those of syndecan-1 in the NCWS 

cohort, which agrees with the assumption it has specificity in detecting small intestinal injury. 

Taken together, the experiments support the use of I-FABP as a marker of small intestinal epithelial 

damage. As with the other circulating markers, the utility of I-FABP lies in longitudinal, rather 

than cross-sectional analysis.  

The results in Chapter 8 reveal that I-FABP may not be a strong indicator in terms of 

mucosal healing in coeliac disease. Trends in a decrease of I-FABP levels were observed 

longitudinally during the course of a gluten-free diet administered to newly-diagnosed coeliac 

patients, similar to the findings in previous studies (Table 2), though the current results were not 

statistically significant. A limitation is the low number of participants who reached complete 
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mucosal healing by a 3-month biopsy assessment. Future studies that examine a larger group of 

patients who reached mucosal healing, in conjunction with I-FABP levels, may be able to add 

greater strength to the marker’s utility in indicating mucosal healing longitudinally.  

 

10.5 LBP and sCD14 

 LBP and sCD14 are endogenous proteins that are produced in response to the presence of 

LPS/endotoxin from gram-negative bacteria. Mechanistically, both proteins act in synergy to bind 

LPS and activate innate immune processes. Both have been used as surrogate circulating markers 

in recent studies to reflect microbial translocation across the intestinal barrier. In cross-sectional 

analysis, the correlation of LBP and sCD14 seemed to be indicative of disease. The results in 

Chapter 9 indicate positive, significant correlations of both markers at baseline conditions (i.e. 

before any dietary or drug intervention) for all cohorts of gastrointestinal disease, but not for 

healthy controls. This was the strongest evidence in their indication of disease from a cross-

sectional standpoint; their levels alone were not able to distinguish disease. In addition, the results 

from Chapter 8 also indicate that their individual values do not provide a comprehensive 

representation of mucosal healing, though their use together may deliver a more accurate 

indication. As with other markers, additional strength of utility may be found in longitudinal, rather 

than cross-sectional analysis. This is supported by the correlation analysis in Chapters 7 and 8. 

In addition, LBP and sCD14 did not necessarily correlate with heightened markers of 

intestinal epithelial damage (i.e. syndecan-1 and I-FABP), indicating that despite the occurrence 

of epithelial injury, physical barrier defences may remain largely intact, thus preventing the 

translocation of LPS and endotoxin-related products into the lamina propria. This observation was 

demonstrated by the results in Chapter 8, though as previously discussed, the evidence could be 
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strengthened by increasing the sample size of coeliac disease patients who have achieved biopsy-

proven mucosal healing. 

 

10.6 Overview of Potential Marker Use 

 In the clinical or experimental scenarios studied in this thesis, mucosal barrier injury is 

likely due to the results of several previous investigations using different modes of assessment, 

such as histology for coeliac disease and ulcerative colitis, other biomarkers as in the exercise 

model, or a similar spectrum of biomarkers as for patients with NCWS. Furthermore, the 

interventions that improve or worsen the severity of barrier injury were studied. It is clear from 

this approach that injury to the mucosal barrier may manifest in many structurally and functionally 

different ways. For example, there may be evidence of epithelial injury, though no evidence of 

microbial translocation, as observed in Chapters 6 and 8. Therefore, the use of a panel of markers 

is important in any study in which an intervention’s effect on barrier function is being investigated. 

Table 7 provides an overview of featured marker utility. 

The usage of a panel of markers may be an efficacious lens in further understanding 

mechanisms of disease. As evidenced in the current studies, the panel provides insight on the 

nature of how certain factors (e.g. drugs, diets, or diseases) are affecting intestinal barrier function. 

As in the previous example, increased I-FABP levels indicative of epithelial injury were observed 

in coeliac disease patients (Chapter 8) without correlating elevations in LBP or sCD14. This may 

indicate that, although epithelial injury occurs, physical barrier defences that prevent microbial 

translocation remain largely intact. In accordance with previous evidence, this result indicates that 

microbial translocation is not a significant factor of coeliac disease pathogenesis.2 
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Combinations of markers as described in a panel may also help determine the location of 

injury. For example, I-FABP, which indicates enterocyte damage in the small intestine, may be 

used in conjunction with syndecan-1, which is presumably expressed throughout the intestinal 

epithelial tract, to determine whether injury is occurring specifically in the small or large intestinal 

epithelium. If correlations occur between the two markers, intestinal injury is likely localised in 

the small intestine. If no correlations occur and/or a predominance in syndecan-1 is detected, the 

colon instead may be the area of disease localisation, as suggested in Chapter 7. In this respect, 

exploration of marker ratios along with composite scores may have clinical benefit and should be 

investigated in future studies. Statistical models may then be applied to determine appropriate end-

point values. However, the difficulty lies in the fact that no gold standards relating to the 

mechanisms of markers (e.g. paracellular permeability) currently exist. 

As discussed above, two of the potential applications for these markers are in the detection 

of injury/barrier dysfunction and in the measurement of changes in injury/barrier dysfunction. The 

importance of the data derived from the healthy controls was highlighted by the wide range of 

values that were observed for most of the markers. This indicates that the use of a single 

measurement in a cross-sectional study is unlikely to be able to identify, with confidence, injury 

in the individual, unless there was gross elevation. However, the markers may still be useful in 

comparing populations as demonstrated in the thesis. Reasons for the wide variation in healthy 

subjects was not explored, but studies could be mounted to examine many of the potential 

confounders (e.g., effects of food, exercise, time of day) for those markers. The true value in the 

clinical or experimental setting of these markers may well lie in their ability of detect change 

following an intervention. Controlling such potential confounders might assist in the precision by 

which changes can be detected. Clearly, more work is needed in this area.
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Table 7. Overview of marker characteristics and their potential clinical or experimental utility  
 
Circulating 

Marker 

Relationship/mechanism 

specific to intestinal barrier 

Tissue localisation Indication Utility 

Zonulin Protein capable of reversible 
tight junction disassembly 

Epithelial and endothelial 
cell tight junctions; 
presumably ubiquitous 

Increased intestinal 
permeability and 
leakiness between tight 
junctions/through 
paracellular route 

Not useful; inconsistencies in 
current detection methodology 

Syndecan-1 Proteoglycan involved in the 
maintenance of tight 
junctions and cell adhesion 

Epithelial and endothelial 
cell tight junctions; 
presumably ubiquitous 

Non-specific epithelial 
and endothelial injury 

Potential marker of changes to 
epithelial injury, but should be 
interpreted in light of the clinical 
situation and better used in 
conjunction with I-FABP to 
assist with localisation 

I-FABP Protein released as a result of 
enterocyte damage 

Highest expression in 
jejunum; minimal 
expression in colon 

Small intestinal epithelial 
injury 

Useful as a localising marker; 
potential longitudinal indicator 
of mucosal healing in coeliac 
disease 

LBP Endogenous protein produced 
by hepatocytes that binds to 
bacterial LPS/endotoxin that 
has translocated across 
epithelial barrier 

Appendix, liver, 
pancreas, stomach, 
duodenum, small 
intestine, colon, rectum, 
circulation193 

Microbial translocation; 
innate immune activation 

Useful in the indication of 
endotoxaemia and microbial 
translocation, in conjunction 
with sCD14 

sCD14 Endogenous glycoprotein 
secreted by monocytes/ 
macrophages in response to 
LPS/endotoxin that has 
translated across epithelial 
barrier  

Circulation and 
ubiquitous as it is a 
component of 
monocytes/macrophages  

Microbial translocation; 
innate immune activation 

Useful in the indication of 
endotoxaemia and microbial 
translocation, in conjunction 
with LBP 
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10.7 Conclusion 

 The results from the previous chapters show that the featured circulating markers, aside 

from zonulin (as it currently stands), may have some clinical and experimental utility in detecting 

and defining the nature of intestinal barrier injury/dysfunction, but intra-individual differences 

may limit cross-sectional usage of marker data and may not be indicative of a comprehensive 

clinical picture. However, there appears clear utility of the markers in defining changes of barrier 

function/integrity over time, which is particularly valuable in characterising the effects of 

interventions. Care must also be considered in the selection of study cohorts and with regards to 

lifestyle, diet, stress and potential comorbidity, as these variables may have an influence on marker 

levels. For example, a diet low in FODMAPs had considerable influence over the levels of 

syndecan-1 (Chapter 7). Studies that examine extra-intestinal conditions must consider additional 

gastrointestinal-related clinical measures before claiming that marker levels truly reflect intestinal 

barrier dysfunction. To confirm that marker levels (i.e. syndecan-1 and I-FABP) may be predictive 

of mucosal healing in coeliac disease, further studies should be conducted due to small sample 

sizes of study participants who achieved mucosal healing (Chapter 8). In addition, a longitudinal 

study that assesses colonic healing in, for example, patients with ulcerative colitis as evidenced by 

endoscopic and histological criteria in conjunction with syndecan-1 levels, may confirm the utility 

of syndecan-1 in indicating the status of colonic epithelial injury in the individual. As it currently 

stands, markers alone are unable to accurately determine disease and caution should be exercised 

in solely using these markers for clinical decisions. However, when used in conjunction together 

with one another and with clinical data, they may provide a lens that helps us further understand 

mechanisms of disease.  
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The Journal of 
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running-induced changes in intestinal 

permeability markers of gastrointestinal 

function in asymptomatic and symptomatic 

runners. 

European Journal of 
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(2018) 
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The Journal of 
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AS et al. 
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Journal of the 
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Scientific Reports 
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al. (2018) 

Zonulin, inflammation and iron status in 

patients with early stages of chronic kidney 
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International 

Urology and 

Nephrology 
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Iron status and inflammation in early stages of 

chronic kidney disease. 

Kidney and Blood 

Pressure Research  
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al. (2014) 
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transplant recipients: are they related? 
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Proceedings 
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al. (2016) 

Gut microbiota richness and composition and 

dietary intake of overweight pregnant women 
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The Journal of 
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al. (2017) 

Evaluation of serum zonulin for use as an early 

predictor for gestational diabetes. 
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al. (2017) 

Increased intestinal permeability, measured by 

serum zonulin, is associated with metabolic 

risk markers in overweight pregnant women. 
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The impact of probiotics and n-3 long-chain 
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al. (2012) 

Contribution of enteric infection, altered 

intestinal barrier function, and maternal 
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Bangladesh. 

Clinical Infectious 

Diseases 
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et al. (2012) 

Circulating zonulin, a marker of intestinal 

permeability, is increased in association with 

obesity-associated insulin resistance. 

PLoS One 
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(2018) 

Gut microbiota, dietary intakes and intestinal 

permeability reflected by serum zonulin in 

women. 

European Journal of 
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R et al. (2017) 

Distinct transcriptome profiles differentiate 

NSAID-dependent from NSAID-independent 
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The Journal of 

Allergy and Clinical 

Immunology 
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(2017) 

Immunogenicity of rotavirus vaccine 
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enteric dysfunction. 

PLoS One 
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al. (2016) 
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protein contents render equivalent postprandial 
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International Journal 

of Food Sciences 

and Nutrition 
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al. (2017) 

Calprotectin in serum and zonulin in serum and 

faces are elevated after introduction of a diet 

with lower carbohydrate content and higher 

fiber, fat and protein contents. 

Biomedical Reports 
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al. (2017) 

Higher levels of zonulin may rather be 

associated with increased risk of obesity and 

hyperlipidemia, than with gastrointestinal 

symptoms or disease manifestations. 

International Journal 

of Molecular 

Sciences 

Immundiagnostik Orlando A et 

al. (2014) 

Lactobacillus GG restoration of the gliadin 

induced epithelial barrier disruption: the role of 
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BMC Microbiology 

Immundiagnostik Ott B et al. 

(2017) 

Effect of caloric restriction on gut permeability, 

inflammation markers, and fecal microbiota in 

obese women. 

Scientific Reports 
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(2018) 

Short-term overfeeding with dairy cream does 
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microbiota, or glucose metabolism in young 

healthy men. 

The Journal of 
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biopsy-proven non-alcoholic fatty liver disease. 

World Journal of 
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Increased circulating zonulin in children with 

biopsy-proven non-alcoholic fatty liver disease. 

World Journal of 

Gastroenterology 

Immundiagnostik Pärtty A et al. 

(2017) 

Infantile colic is associated with low-grade 

systemic inflammation. 

Journal of Pediatric 

Gastroenterology 

and Nutrition 

Immundiagnostik Pei R et al. 

(2017) 

Low-fat yogurt consumption reduces 

biomarkers of chronic inflammation and 

inhibits markers of endotoxin exposure in 

healthy premenopausal women: a randomised 

controlled trial. 

British Journal of 

Nutrition 

Immundiagnostik Qi Y et al. 

(2017) 

Intestinal permeability biomarker zonulin is 

elevated in healthy aging. 

Journal of the 

American Medical 

Directors 

Association 

Immundiagnostik Rees D et al. 

(2018) 

A randomised, double-blind, cross-over trial to 
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British Journal of 

Nutrition 



	

 241 

Immundiagnostik Ruiz-Núñez B 

et al. (2018) 
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Frontiers in 
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(2012) 
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Nutrition Research 
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(2013) 
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Alcoholado L 

et al. (2017) 

Role of gut microbiota on cardio-metabolic 

parameters and immunity in coronary artery 
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Frontiers in 

Microbiology 

Immundiagnostik Scorletti E et 

al. (2018) 

Design and rationale of the INSYTE study: A 

randomised, placebo controlled study to test the 

efficacy of a symbiotic on liver fat, disease 

biomarkers and intestinal microbiota in non-

alcoholic fatty liver disease. 

Contemporary 

Clinical Trials 

Immundiagnostik Sheen YH et 

al. (2018) 

Serum zonulin is associated with presence and 

severity of atopic dermatitis in children, 

independent of total IgE and eosinophil. 

Clinical and 

Experimental 
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(2017) 
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Frontiers in 
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et al. (2015) 

Lactobacillus casei Shirota supplementation 

does not restore gut microbiota composition 
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