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PREFACE 

 

This dissertation entitled “Inflammatory bowel disease study: a metabolomics 

approach” is a result of three academic years of PhD in Molecular and Translational 

Medicine, from 2014 to 2017. This project covers the part of a wide project made in 

collaboration with the Gastroenterology Unit of Cagliari and the Department of 

Biomedical Science. The aim of this project was to investigate the metabolomics 

profiles of plasma and faecal samples trying to identify possible biomarkers for the 

early diagnosis of Inflammatory Bowel Disease (IBD) and to find correlation between 

the microbiota and the metabolome of stools of patients affected by IBD. To whom it 

may concerns, during my PhD, I followed the metabolomics analysis of faecal and 

plasma samples setting up new analytical methods for the extraction and the mass 

spectrometry analysis. I also performed the multivariate and univariate data statistical 

analysis. The first year, I worked in Cagliari, Italy, at the Department of Life and 

Environmental Science where I analysed the lipid profile of faecal samples. In April 

2016, I started an internship at the Department of Biochemistry, University of 

Cambridge in England where I performed the analysis of lipid and polar profile of 

faecal and plasma samples. The research was difficult, but conducting extensive 

investigations allowed me to create a robust predictive model for identification of IBD 

samples, further several metabolic pathways were correlated with the IBD. The 

microbiota analysis comprehensive of the correlations between the metabolomics data 

results were performed by the teams of Professor Aldo Manzin and Professor Luigi 

Atzori and thanks to these goals an original article was published in the Scientific 

Reports Journal. Although these results need more investigation to clarify the most 

important metabolic pathway correlated with the IBD pathologies, this project, as it 

comes, can be considered valuable for the IBD investigations.  

I would like to thank my supervisors Professor Pierluigi Caboni and Professor Jules 

Griffin for their excellent guidance and support during this process.  

I, also, wish to thank all the respondents, Sonia Liggi, Maria Laura Santoru, Christine 

Hinz, Zoe All, James West, Steve Murfitt and Ben McNally without whose 

cooperation I would not have been able to conduct this analysis.  

 

I hope that this work would be a valid help for people that are studying pathologies 

with a metabolomics approach and I hope you will enjoy your reading.  

 

 

Antonio Murgia 

Cagliari, January 15, 2017 
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ABBREVIATIONS 
 

APCI: Atmospheric-pressure chemical ionisation 

ADMA: asymmetric dimethyl arginine 

ATG16L1: autophagy-related protein 16-1 

BMI: body mass index 

cAMP:  Cyclic adenosine monophosphate  

CCS: collisional cross section 

CD: Crohn’s disease 

CDP: cytidine diphosphate 

Cer: Ceramides 

CRP: C-reactive protein  

CT: Computerized tomography 

CTP: cytidine triphosphate 

DT: drift time 

ESI: electrospray ionisation 

ESR: erythrocyte sedimentation rate 

FA: fatty acid  

FMT: faecal microbiota transplantation 

GC/MS: gas-chromatography/mass spectrometry 

1H NMR: proton nuclear magnetic resonance 

IBD: Inflammatory bowel disease 

IL23R: Interleukine 23 receptor gene 

IL (n): Interleukine (n) 

IM-QTOF-LC/ MS: ion mobility coupled with a time of flight quadrupole and a 

liquid chromatograph 

IRGM: immunity-related GTPase family M protein 

LC/MS: liquid-chromatography/mass spectrometry 

MAPK: mitogen-activated protein kinase 

MRI: Magnetic resonance imaging 

MDP: muramyl dipeptide  
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MS: mass spectrometry 

MS/MS: tandem mass spectrometry analysis 

NAE: N-acylethanolamide 

NOD2: Nucleotide-binding oligomerization domain-containing protein 2 

OPLS-DA: orthogonal partial least square analysis 

PA: phosphatidic acid 

PC: phosphatidylcholines 

pc: principal component  

PCA: principal components analysis  

PE: phosphatidylethanolamines 

PG: glycerophospholipids 

PKC: kinase C 

PI: phosphatidylinositols 

PLA2: phospholipase A2 

PLS-DA: partial least square discriminant analysis 

PMN-elastase: polymorph nuclear elastase 

PS: phosphatidylserine 

QC: quality control 

QqQ: triple-quadrupole 

Q-TOF: quadrupole time-of-flight 

SM: sphingomyelin 

TG: triacylglycerols 

Th(n): T helper cells (n)  

Th-nR: T helper cells receptor   

TLRs: toll-like receptors 

TNF-α: tumor necrosis factor alpha 

UC: Ulcerative colitis 

VIP: variable importance in the project 
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ABSTRACT 

 

Inflammatory bowel disease represents a group of chronic disorders that affect one or 

more parts of the intestine. Although recently the incidence of inflammatory bowel 

disease has noticeably increased, its aetiology is still unclear. No specific pathogen has 

been defined as a causative agent. Serological biomarkers have been recently proposed 

for diagnosis, but they remain untested in clinical applications. Moreover, current 

diagnostic and monitoring practices for inflammatory bowel disease are very invasive. 

Therefore, accurate tools for the early diagnosis, and in particular non-invasive 

strategies are needed. One area of recent interest is the relationship between the 

metabolome and microbiota in terms of inflammatory bowel disease pathogenesis and 

intervention strategies. Direct analysis of metabolites and their interaction with the gut 

microbial species is a rapidly growing field of research. In this context, metabolomics 

could represent a useful approach to understand possible pathological mechanisms or 

metabolite modification in different pathways. Metabolomics is based on the 

quantitative measurement of dynamic metabolic changes in living systems in response 

to physiological stimuli or genetic modifications, nutrients and drugs. Thanks to the 

comprehensive study of low molecular weight metabolites (<1500 Da) in biofluids and 

in tissues, metabolomics ensures the characterization of the metabolic phenotype of a 

living organism. In this work, the polar and the lipid metabolite profile of faecal and 

plasma samples of patients affected by inflammatory bowel disease and healthy 

patients has been studied by high resolution liquid chromatography coupled with 

several technological platforms such as a triple quadrupole, a quadrupole time of flight 

mass spectrometry and an ion mobility prior to multivariate statistical data analysis. 

By these means, differences between Crohn’s disease, ulcerative colitis and control 

samples were investigated. Results of discriminant analysis were considered with the 

aim to find the relevant metabolites unique for each class. The results highlight 

differences in the metabolite profile between the pathological and the control samples. 

In faecal samples, the most discriminant metabolites for both IBD classes were 

diacylglycerols, phosphatidylcholines triacylglycerols and tetra pyrrole compounds. 

Furthermore, plasma samples results showed modification of the 

lysophosphatidylcholine and phosphatidylcholine pathways strictly related to the 

arachidonic acid response. These results highlight similarity in the metabolic alteration 

occurring in both ulcerative colitis and Crohn’s disease when compared to healthy 



5 
 

controls. Modification to the endocannabinoid system were also found regarding the 

ulcerative colitis plasma and faecal samples. All the lipid results were correlated with 

the targeted analysis of the polar metabolites profile.  In conclusion, the application of 

metabolomics to faecal and plasma samples of IBD patients allows for the 

identification of metabolites that can be used as possible indicators of metabolic 

pathways implicated in the onset of these pathologies.  
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1. INTRODUCTION 
 

1.1. Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is a group of pathologies characterized by the 

presence of chronic phlogosis without a clear infective aetiology (1). The two major 

clinically defined forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC) 

(2). When it is not possible to distinguish these two pathologies, due to similarities in 

clinical manifestations, they are named “indeterminate colitis”. Three additional forms 

of non-specific IBD, termed microscopic ulcerative, microscopic lymphocytic and 

microscopic collagenous colitis are also documented (3) while other similar 

pathologies, such as microscopic colitis, and the Behçet syndrome are not classified as 

strict IBD (4, 5).  

 

1.2. Historical background   

The first documented case of UC by Hildenus was in 1612 after an autopsy of a boy 

who died following abdominal pain (6). Later, Morgagni (1682-1771) described 

ulceration and perforation in an inflamed distal ileum and enlarged mesenteric lymph 

nodes in a 20 years old man with a history of diarrhoea and fever culminating in death 

after 14 days (7). Afterwards, a remarkable increase and geographically spread was 

observed, and today, these pathologies are recognized worldwide (8). Several reported 

cases of IBD date back to the 19th and early 20th centuries, appearing initially as 

isolated cases in Great Britain and northern Europe (9). In 1793 Matthew Baillie 

strongly suggested that patients were dying from ulcerative colitis during the latter part 

of the 18th century (9). Other cases were reported by Combe and Saunders, by 

Abercrombie and by Abraham Colles (10-12). The first “impact” description of 

“ulcerative colitis” by Samuel Wilks in 1859 concerned a 42 year old woman who died 

after several months of diarrhoea and fever. In the 20th century, similar conditions 

associated with lower abdominal (inflammatory) masses, arbitrarily dismissed as 

“untreatable” were documented in many reports (13, 14). In 1932, Nuboer, Golob and 

later in 1934 Bissell reported instances of a similar disease (15-17). Nevertheless, it 

was not until 1936 that one case of 9 patients with combined ileitis and right-sided 
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colitis was described by Crohn et al. (18).  However, this diagnosis was not completely 

accepted in America until 1960 after the reports of Lockhart Mummery et al. (19). 

 

1.3. Epidemiology 

The incidence of IBD varies from country to country. Between 4 and 10 people per 

100,000 annually are affected by IBD and the main two forms affect 1.5 million 

Americans, 2.2 million Europeans, and several hundred thousands more individuals 

worldwide (3, 20). The highest incidences of IBD have been reported in Northern 

Europe, with the United Kingdom and North America presenting a greater incidence 

of UC than CD (21). CD is slightly more common in females and occurs at a younger 

age than UC (3). However, the incidence of IBD is increasing in emerging areas such 

as Asia, probably due to changes in environmental factors and in particular diet.  

Over the average human lifespan, the peak incidence of IBD is in the second to fourth 

decade of life and this observation has remained the same over several decades (22). 

Incidence in established populations is similar in men and women, but is influenced 

by race and ethnicity. The risk of IBD is higher in the Jewish population and even 

more so in American and European Jewish populations if compared with those of 

Israel (23). Furthermore, CD incidence is higher in northern latitudes than in southern. 

It has also been noticed that IBD incidence is higher in urban populations when 

compared with rural populations (24). On the other hand, recent studies have supported 

that IBD is no longer rare in economically emerging populations.  

Concerning genetic issues, the risk of IBD can be influenced by the family history e.g. 

if both of the parents were affected: in this case the probability of developing the 

disease in the first 30 years of age is estimated to be as high as one-in three. In addition, 

twin studies have shown that monozygotic twins have a higher risk of contracting the 

pathology compared with dizygotic twins (25). Furthermore, genetic linkage studies 

identified an association with a locus on chromosome 16, called subsequently the 

nucleotide-binding oligomerization domain-containing protein 2 (NOD2) locus (26). 

Another 163 distinct risk loci associated with other genes were also discovered (27). 

Genetics studies have also found that the internal microenvironment and 

immunological response are both influenced by the external environment (28). In fact 

different studies established that IBD microbial response and innate immunity are 
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associated with the gut microbiota (29). A marked luminal microbiota dysbiosis was 

documented in IBD patients, characterized by a decrease in microbial diversity if 

compared with healthy individuals (29). In addition, early life exposure to pets and 

farm animals are inversely associated with IBD risk (29). It has also been shown that 

breastfeeding seems to be protective (29). The external environmental strongly 

influences the gut microbiota (29). Harries et al.  described a reduced frequency in 

cigarettes use among patients with ulcerative colitis compared with healthy controls 

(30).  As well as smoking, also appendectomies could be protective against the onset 

of the UC, even if some works report that this surgery could help increase the risk of 

CD (31). Gut health can also be influenced, by stress. For this reason, IBD is associated 

with neuroticism, obsessive-compulsive behaviour and psychological stressors. Stress 

can act using the autonomic nervous system, producing pro-inflammatory cytokines 

or activating macrophages and altering intestinal permeability (32). Furthermore, 

different diets could influence the pathogenesis of IBD (33). Different studies found 

that a fibre rich diet could reduce the risk of Crohn’s disease, while a diet rich in 

saturated lipids can have a role in the pathogenesis of these pathologies (33). In 

addition, vitamin D is implicated in the pathogenesis and spread of IBD (34). In fact, 

mice deficient in 1,25-dihydroxy vitamin D3 or knockout for vitamin D receptor seem 

to tend to contract colitis, while, administration of the vitamin D ameliorate this 

inflammation (34).  

Zinc and iron are also described as implicated in the immune function of IBD; with 

zinc inhibiting transcription of inflammatory mediators important for autophagy and 

bacteria clearance (35), and iron inducing colonic inflammation through the 

interleukin pathway (36).  

Through all these suggestions, IBD can be considered as very complex disease induced 

by several and interconnected factors. 

 

1.4. Aetiology 

Different theories have been proposed in the past concerning the causes of CD and 

UC, however, most of them have failed to find explanations. 

These theories were focused on the T cell pathway, a complex set of cytokines, 

chemokines and other mediators orchestrated by a variety of cell types. The basic idea 
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was that T cells are activated by an unlucky confluence of genetic and environmental 

factors that cause an immune imbalance, ending with the characteristic inflammation, 

prerogative of these diseases (37). In 1913, after this theory, several bacteria 

(Diplostreptococci, Bacteroides fragilis, Pseudomonas maltophilia, Helicobacter 

hepaticus and pylori species and, Shigella, Chlamydia, Listeria, Escherichia coli, 

Wolinella) and viruses (both A and B Coxsakie, Reovirus, Polio, Norwalk, Influenze 

B, herpes, Paramyxovirus) were identified as possible etiological agents. Furthermore, 

atypical forms such as L-forms (cell wall defective bacteria), protoplasts, or 

spheroplasts, have been suggested (7, 38). 

In 1995 Wakefield et al. suggested a connection between CD and Measles virus (39). 

This theory was strengthened by subsequent epidemiological studies that demonstrated 

an increase in CD after the exposure to measles virus (39). Even the attenuated vaccine 

was associated with the increase of the risk. Subsequently, measles was proposed as a 

cofactor of CD (40). 

In the middle of the 20th Century, CD and UC were considered as psychosomatic 

diseases based on their connection with emotional disturbances (41). This concept died 

slowly in the early 1980s after the discovery of more significant theories about diet 

and allergies. In fact, several dietary risk factors have been found regarding infant 

feeding practices (42). Infant breast-feeding has a protective role against the 

development of CD and UC, while a diet rich in carbohydrates, in particular simple 

carbohydrates, or in fast food can increase the risk of IBD (43). These suggestions 

were found by several studies using elimination diets or dietary challenges.  

In 1997, Roediger et al. considered sulfur compounds as etiological agents of UC (44). 

Recent studies have confirmed this theory, finding a correlation between UC and a diet 

rich in sulfuric compounds. When the sulfur is not recycled by the intestinal pump, it 

can pass into the colon where it is metabolized by sulfate-reducing bacteria that use it 

to create sulfoxides, a family of compound that can damage the intestinal mucosa. (44). 

Different typologies of diet were found to be correlated with an increase in the risk of 

IBD (45). For example, the ingestion of toothpaste can cause IBD. Several substances 

in toothpaste such as tricalcium phosphate and quartz can penetrate the intestinal 

epithelium creating enteric lesions similar to CD (46). 
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One of the latest components to be found as a cause of CD is the increase in intestinal 

permeability (47). This modification across the intestinal epithelium can cause an 

increase in immune exposure to different antigens. This element was not found in UC 

patients (47). These observations can be considered the beginning of a long series of 

theories that are still present nowadays, where CD has been proposed to be a 

consequence of innate intestinal mucosal barrier deficiency (47). This idea suggests 

that patients with genetically defined syndromes of neutrophil and monocyte 

dysfunction syndromes can develop an intestinal phenotype from CD (47). 

Recently, changes in the intestinal flora, has been suggested as a permissive factor that 

can help the emergence of IBD (48). Several animal models confirmed that helminths 

could have a significant impact on a variety of immune functions like cytokines and T 

cell pathways (49).  

Finally yet importantly, it is the recent proposal that considers fundamental dysbiosis 

as the root cause of IBD. This dysbiosis is caused by the alteration of gut flora (50).  

Several studies reported an increased concentration of anaerobes, particularly Gram 

negative, including Bacteroides and Clostridium perfringens in pathological samples. 

Enterobacteriaceae, were found to be increased in CD (51). On the contrary, 

concentrations of beneficial bacteria, such as Bifidobacteria, were found to be 

decreased in IBD patients (51). Concerning Bifidobacteria, in the last decades 

numerous therapies including probiotics and prebiotics that can have a beneficial effect 

on immune function and mucosal integrity have emerged (51, 52). Moreover, 

serological studies revealed specific antibodies and T cell subset in serum and 

intestinal tissues of IBD patients (53). These studies, gathered with those that revealed 

the increase of permeability and the reaction to bacteria antigens, confirming the 

theory of dysbiosis (53, 54).  Alterations in faecal flora have been found in healthy 

relatives of patients with IBD (54). These results suggest that dysbiosis should be 

considered as a genetic risk factor for the development of IBD.  

 

1.5. Pathogenesis 

Given the epidemiological and etiological notions reported so far, it seems clear that 

genetic predisposition, external environment, intestinal microbial flora and immune 

response are all convoluted and functionally combined in the pathogenesis of IBD. 
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This combination is regularly taken into consideration by the scientific community, 

with the aim to find a clear mechanism of pathogenesis for IBD and to highlight the 

most peculiar characteristics of each pathology (CD or UC).  

During recent years, genetic research was suitable to discover 163 IBD-associated 

gene loci, of which 110 are associated with both of diseases, 30 only with CD and 22 

with UC. These new results could be very helpful in finding differences between the 

pathogenesis of these two pathologies (55). 

The NOD2 was the first susceptibility gene identified for CD. This is a gene encode 

of an intracellular receptor recognizing a conserved motif of Gram positive and 

negative peptidoglycan bacteria (56). The stimulation of this motif, called muramyl 

dipeptide (MDP), induces autophagy with a consequent replication and bacteria 

antigen presentation control. Furthermore, MDP modulates both innate and adaptive 

immune response (57). 

The autophagy role in IBD immune response was later confirmed by the discovery of 

a coding mutation in two different autophagy-related genes which codify for the 

autophagy-related protein 16-1 (ATG16L1) and the immunity-related GTPase family 

M protein (IRGM) (58, 59). ATG16L1 is essential for all forms of autophagy and its 

mutation is associated with an increase in CD. Similarly, the reduced expression of 

IRGM, is connected to the CD polymorphism (60, 61). Moreover, Duerr et al., 

discovered an association between IBD and the Interleukin 23 receptor gene (IL23R) 

(62). IL23R encodes, a subunit of the pro-inflammatory cytokine, interleukin (IL)-23, 

which is associated with the generation of T helper 17 (Th17) cells, already defined as 

a member of IBD’s pathogenesis (62). This increase of gene loci susceptibility in IBD 

indicates that genetic modifications are critical components of pathogenesis. However, 

genetics is not the only functional subject of IBD pathogenesis.  

A large number of environmental factors are considered as risk factors for IBD. It has 

been known for a long times that there is an association between UC and smoking as 

a protective effect on the pathogenesis. On the other hand, smoking increases the risk 

of CD (63). Vitamin D deficiency was also found correlated with the increasing risk 

of IBD (64). Furthermore, an association between the prolonged use of nonsteroidal 

anti-inflammatory drugs and the increased risk of IBD was demonstrated (65). In 

addition, the use of antibiotics is considered an important environmental factor, due to 
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their influence on the microbiome. Other factors, like stress, depression or anxiety 

have long been proposed to increase the IBD pathogenesis (66). Recently, even air 

pollution has been considered as contributing to an increased risk of IBD. In fact, the 

highest incidence of IBD is present in the developing countries (66). Moreover, high 

levels of NO2 and SO2 were directly correlated with IBD (67). The above cited factors 

have a direct connection with the gut microbiome.  

Many studies have found a reduced biodiversity in faecal IBD microbiome patients 

compared with healthy people. The IBD microbiome is also unstable. The gut 

microbiome found stability in the first 2 weeks of life remaining relatively stable 

thereafter. It has been noticed a 20-30% of culture in IBD microbiome (68). It is 

remarkable the importance of microbiome in the field of immunological response, as 

well as, dysfunction of innate and adaptive immune pathways are considered funding 

to the intestinal inflammatory response. CD is driven by a Th1 and UC with a non-

conventional T helper cell response (Th2). Also Th17 cells are involved in the gut 

inflammatory response (69, 70). 

Regarding the innate immunity, recently it has been discovered that toll-like receptors 

(TLRs) and NOD proteins are significantly altered in IBD patients. Moreover, in 

response to trauma, mucosal neutrophil accumulation and production of interleukin 

have been found reduced in CD but not in UC (71). More studies are required to 

elucidate the effect of the microbiome and environment in the immune response, with 

the aim to understand which bacteria, viruses, or fungi can modulate specifically the 

adaptive or innate response (72).  

 

1.6. Symptomatology 

IBD symptoms may range from mild to severe. Common signs of IBD are diarrhoea, 

fever and weakness (74). Abdominal pain and cramping can be caused by the alteration 

of normal peristalsis caused by inflammation. Reduced appetite and consequently 

weight loss are the result of the nutrient malabsorption.  

Ulcerative colitis is a relapsing non-transmural inflammatory disease that is usually 

restricted to the colon. It can affect just the rectum or extend proximally to involve 

part of the colon. This pathology is classified according to the location of inflammation 

and severity of symptoms (75):  
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• Ulcerative proctitis: the inflammation is limited to the area closest to the anus 

rectum. This form of UC tends to be the mildest. 

• Proctosigmoiditis: Inflammation affects the rectum and sigmoid colon.  

• Left-sided colitis: Inflammation extends from the rectum up through the 

sigmoid and descending colon.  

• Pancolitis: often affects the entire colon.  

• Acute severe ulcerative colitis: This is an uncommon form of colitis that affects 

the entire colon (78). Patients with fulminant ulcerative colitis usually have more than 

ten bloody stools daily, anaemia requiring blood transfusion, abdominal painfulness, 

and colonic increase on plain abdominal radiographs. 

Crohn’s disease is a relapsing, transmural inflammatory disease characterised by a 

discontinuous involvement of various portions of the whole gastrointestinal tract, from 

the mouth to the anus, and the development of complications such as strictures, 

abscesses, or fistulas. At diagnosis, the disease is located in the terminal ileum in 47%, 

the colon in 28%, the ileocolon in 21%, and the upper gastrointestinal tract in 3% of 

cases. Common symptoms can be diarrhoea, abdominal pain, weight loss, fever, 

malaise as well as UC and anorexia that occur with active disease. Other symptoms 

can be aphtous ulcerations, abdominal tenderness, right iliac fossa mass, perianal 

abscesses and anal/rectal strictures. Extra intestinal signs could comprise of erythema 

nodosum, pyoderma gangrenosum, conjunctivitis, episcleritis, iritis, large joint 

arthritis, seronegative spondyloarthropathy, fatty liver, primary sclerosing cholangitis, 

cholangio-carcinoma, renal stones, osteomalacia, malnutrition and amyloidosis. 

Complications are bowel obstruction, toxic dilatation, abscess formation, fistulae, 

colovesical, colovaginal, perianal, enterocutaneous, perforation, rectal haemorrhage 

and colonic carcinoma (75).  

Inflammation may be confined to the bowel wall, which can lead to narrowing from 

inflammation, scarring, or both (fibrostenosis), or may tunnel through the bowel wall 

(fistula). Narrowing may lead to a blockage (obstruction). Obstructions, stenosis and 

fistulas are not associated with ulcerative colitis (75).  

When IBD has been fully investigated and cannot be recognized as UC or CD, it is 

called “indeterminate colitis”. It tends to resemble UC more than CD, and some cases 
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may be due to a lack of recognition of unusual variants of UC that involve transmural 

inflammation or skin lesions.  Patients with indeterminate colitis appear to have a 

higher rate of long-term complications than those with UC. Even if the definition were 

standardized, in practice, the patients carrying a diagnosis of indeterminate colitis may 

be a heterogeneous group. Some may have colitis that cannot be sub classified into UC 

or CD (76, 77). 

 

1.7. Diagnosis 

It is clear that most of the symptoms or signs that occurs during the spread of the 

disease are in common between both pathologies. This can make it difficult to diagnose 

CD instead of UC and vice versa. IBD can be diagnosed only after excluding other 

possible causes that could have caused the signs and symptoms. Commonly a 

combination of tests is helpful to confirm the presence of IBD (75, 76). 

• Blood tests: They can elucidate the presence of possible signs of anaemia as 

well as indicate the level of inflammation The most common tests include full blood 

count, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), urea and 

electrolytes test, liver function tests and blood cultures. If the anaemia tests are 

positive, iron, Vitamin B12 and red cell folate are recommended. Lower levels of 

hemoglobin and albumin and increased levels of ESR, CRP and the white cells count 

allow for an estimation of the inflammation level. 

• Faecal occult blood test: To find blood presence in faeces and to exclude 

infectious diarrhoea: microscopy, culture and sensitivities test Clostridium difficile 

test. 

 1.7.1. Endoscopic procedures 

• Colonoscopy: This test allows the entire colon to be viewed using a thin, 

flexible, lighted tube with an attached camera. During the procedure it is possible to 

take small samples of tissue (biopsy) for laboratory analysis, which may help confirm 

a diagnosis. Clusters of inflammatory cells called granulomas, if present, help confirm 

a diagnosis of CD. 

• Flexible sigmoidoscopy: A slender, flexible, lighted tube is used to examine 

the last section of colon (sigmoid). In UC the mucosa looks friable and inflamed, while 

in CD there would be microscopic granulomas. 
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• Upper endoscopy: In this procedure, a tube is used to examine the esophagus, 

stomach and first part of the small intestine (duodenum). While it is rare for these areas 

to be involved with CD, this test may be recommended only in case of nausea and 

vomiting, difficulty eating or upper abdominal pain. 

• Capsule endoscopy: this test is used to help diagnose CD. The patient has to 

swallow a capsule that has a camera in it. The images are transmitted to a computer 

worn by the patient, after which the camera exits the body painlessly in his stool. 

• Double-balloon endoscopy: for this test, a longer scope is used to look further 

into the small bowel where standard endoscopes cannot reach. This technique is useful 

when capsule endoscopy shows abnormalities, but the exact diagnosis is still in 

question. 

• X-ray: In case of severe symptoms, the use of a standard X-ray of the 

abdominal area may be considered to rule out serious complications, such as a 

perforated colon. 

• Computerized tomography (CT) scan: This test looks at the entire bowel as 

well as at tissues outside the bowel. CT enterography is a special CT scan that provides 

images of the small bowel. This test has replaced barium X-rays in many medical 

centres. 

• Magnetic resonance imaging (MRI): An MRI scanner uses a magnetic field 

and radio waves to create detailed images of organs and tissues. MRI is particularly 

useful for evaluating a fistula around the anal area (pelvic MRI) or the small intestine 

(MR enterography). Unlike CT, there is no radiation exposure with MRI. 

• Small bowel imaging: This test looks at the part of the small bowel that can't 

be seen by colonoscopy. After having drunk a liquid containing barium, the patient 

will be submitted to an X-ray of the small intestine. While this technique may still be 

used, it has largely been replaced by CT or MRI enterography (75.76) 

Recently, paediatric data suggests that upper endoscopy examinations are useful in 

differentiating CD from UC, when inflammation is otherwise predominantly confined 

to the colon. Gastrointestinal involvement follows with equal frequency in children 

and adults. In many paediatric centres, an upper endoscopy is considered one of the 

routine evaluation tests of children with suspected IBD (77). Distinguishing the type 
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of colitis in the earlier life could be a very useful way to apply therapies to prevent the 

worsening of this disease. Other studies are still trying to reflect same results also 

among the adult patients. 

 

1.8. Therapies  

Medical therapies for IBD have increased dramatically during the last decades 

especially after the introduction of targeted biological therapies. Current drug 

treatments induce and maintain the patient in remission, ameliorating the secondary 

effects of the diseases instead of modifying or reversing the pathogenic mechanism.  

Aminosalicylates can be used in combination with steroids to maintain remission. 

These drugs inhibit IL-1 and tumor necrosis factor alpha (TNF-α) production. 

Moreover, they inhibit the lipoxygenase pathway, the scavenging of free radicals and 

oxidants, and the nuclear factor kappa B, an inflammatory mediator transcription 

factor. Sulfasalazine, was found to be effective in patients with mild or moderately 

active UC (78, 79), while mesalazine has a role in maintenance in CD (80).  

Glucocorticoids, one of the main classes of corticosteroids, are used alone or in 

combination with aminosalicylates to induce and maintain remission in IBD thanks to 

their ability to block the inflammatory response. 

The response to steroid treatment in individual patients can be diverse, with cases of 

remission after two weeks of treatment (steroid-responsive), cases of relapses after 

interruption of the therapy (steroids dependent), and finally cases where no 

improvement is observed even after prolonged steroid administration (steroids-

unresponsive) (81, 82). Drugs with immunosuppressive action were also adapted for 

the treatment of IBD. These are very important in cases of intractable IBD conditions.  

Azathioprine and mercaptopurine are the most commonly used. These drugs maintain 

remission in CD as well as UC (83). Cyclosporine, one of the most important 

immunosuppressive drug in organ transplantation, is also useful in severely UC 

patients who are not responding to corticosteroids therapies. Several adverse effect, 

due to treatment with cyclosporine, have limited its use as a first-line medication (84). 

Furthermore, drugs that interfere with the inflammatory response, especially with 

TNF-α, are considered very helpful. The administration of humanized-monoclonal 

antibodies is one of the latest successful treatments for IBD. Infliximab, a chimeric 
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immunoglobulin, was the first available product for treating refractory CD. It acts to 

inhibit TNF- α activity. Unfortunately, this therapy can cause an increase incidence of 

respiratory infection (85). Adalinumab is another anti-TNF agent used instead of 

Infliximab. This is a fully humanized antibody. The side effects of this drug are a skin 

reactions and some respiratory infections (86, 87). More common is also the 

Certolizumab, a monoclonal antibody that also acts against TNF-α, whose half-life is 

higher than the others thanks to the presence of a polyethylene compound (88). 

Apart from the therapies which act directly on the immune response, other products 

are used with the aim to reduce the symptoms of IBD. Specifically, antibiotics like 

Metrodinazole are used with success in the treatment of CD. This use was due to the 

idea that colonic bacteria may initiate the inflammation of IBD (89, 90) 

Concerning the aim to reduce the symptoms, analgesic, anticholinergic and 

antidiarrheal are also used to support the reduction of symptoms.  

Furthermore, sodium cromoglycate reduces degranulation of mast cells inhibiting the 

passage of calcium ions across the cell membrane while bismuth salts, administrated 

as enemas, are effective for the effects of UC. In addition, thalidomide has been 

considered as a modulator of the symptoms (91- 93). Moreover, fish liver oil has also 

been used in the treatment of IBD, probably because of its high concentration of 

eicosapentaenoic acid and docosahexaenoic acid and their implication in the pro and 

anti-inflammatory response (94). Aside from traditional medications, natural remedies 

were found to be useful in maintaining remission. For example, probiotics, that are a 

mixture of beneficial lyophilized bacteria, can help to control the number of harmful 

bacteria, reducing inflammation and giving a protection to the gut. Aloe vera gel and 

Boswellia herb as well, have also been demonstrated to have anti-inflammatory power 

(80).  

Finally yet importantly, is the new field which uses faecal microbiota transplantation 

(FMT) as a potential approach for IBD treatment. It has been noticed that the majority 

of patients treated with FMT experienced a reduction of symptoms, cessation of IBD 

medications and disease remission (95, 96). 

Roughly 40% of patients with UC and the 80% of those with CD require surgery after 

diagnosis. The proper role of surgery in patients with CD and UC is controversial (97). 

In fact, these treatments are defined as multidisciplinary approaches between the 
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patient, surgeon, and gastroenterologist and the choice of different surgeries depends 

upon the patient condition.  

 

1.9. Metabolomics   

In 1966, Tanaka Kei et al. described for the first time a metabolic disease through the 

use of a new multi-disciplinary technique (97). After the analysis obtained from the 

urine of patients affected by isovaleric acidaemia, they noticed that the concentration 

of an unknown compound was deeply increased compared to healthy people. After the 

use of different analytical tools including nuclear magnetic resonance (NMR) 

spectroscopy, mass spectrometry (MS) and infrared spectrometry (IR), they 

established the identity of this compound as N-isovalerylglycine. Thanks to this 

identification, they could suggested that the defective enzyme in these patients was at 

the level of conversion of isovaleryl coenzyme A to β-methylcrotonyl coenzyme A 

(97).  

Metabolites are the final products of cellular regulatory processes, and their levels are 

considered as a crucial response of the biological systems to some genetic or 

environmental change. The set of metabolites synthetized by a biological system 

constitutes its metabolome (98). Metabolome analyses are based on the identification 

and quantification of all intracellular and extracellular metabolites with molecular 

mass lower than 1500 Da, using different analytical techniques (99). In common with 

the genome and the proteome, the metabolome is associated with the physiological, 

developmental, and pathological state of a cell, tissue, or organism. Genome and 

proteome studies are based on target chemical analyses of biopolymers composed of 

nucleotides or amino acids, respectively. On the other hand, the metabolome consists 

of several different chemical compounds from ionic inorganic species to hydrophilic 

carbohydrates, volatile alcohols and ketones, amino and non-amino organic acids, 

hydrophobic lipids, and complex natural products. This complexity makes it difficult 

to simultaneously study the complete metabolome. For this reason, each metabolome 

study requires an evaluation of the sample preparation and the extraction procedure 

and a combination of different analytical tools in order to obtain as much information 

as possible (100). The science that studies the metabolome is called “metabolomics” 

and it is generally defined as the analysis of intra and extra- cellular metabolites in 

simple biological systems. When the analysis is related to the quantitative 
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measurement of the dynamic metabolic response of a living systems to the physio-

pathological stimuli or genetic modification it is called metabonomics (101). Different 

metabolomics analyses were identified by Fiehn et al. with the most important being 

the untargeted and the target approaches (102). Targeted analysis is useful for studying 

the primary effects due to genetic alteration. Metabolite identification and 

quantification are common methods used in this field. On the other hand, untargeted 

analysis allows to achieve a larger number of metabolites with the objective to find a 

specific metabolic profile for a particular biological matrix (102). The most common 

techniques used for metabolomics are MS coupled with either liquid chromatography 

(LC) or gas chromatography (GC), IR and NMR (103). NMR analyses are very helpful 

in the characterization of unknown compounds based on their chemical structure and 

thanks to its non-destructive approach and high reproducibility it is considered one of 

the most valuable techniques. However, NMR is not as sensitive as the others 

techniques mentioned above so is not possible to detect those metabolites that are 

present in lower concentration. MS analyses are very sensitive and permit the 

determination of those metabolites that are present at a low concentration in biological 

matrices (103). Furthermore, MS analysis is able to identify and characterize chemical 

compounds based on their masses or ion mass fragmentation. In order to identify 

multiple variables measured on multiple samples or at multiple time points, these 

techniques require the support of multivariate statistical data analysis. Multivariate 

data, contain much more information than univariate data. Multivariate data analysis 

techniques can be used to model factors and responses and find the relationships that 

exist between them. Information resulting from multivariate data is usually very 

helpful in order to understand the characteristics of metabolic systems and processes 

(104). Initially used in chemistry to distinguish between useful and unusable chemical 

data, such as noise, repeated data and non-correlated data, these methods actually find 

several employments especially in clinical aspects. Real systems are governed by 

several variables at the same time. These studies allow for the consideration of all the 

variables and using those to exploit all the information inside of a complex data 

analysis. They can also be used to highlight their connection to a biological system. 

This is possible through different methods of modelling, classification, regression and 

other analysis about the similarity of samples, optimization and experimental design. 
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1.10. IBD metabolomics state of the art 

Through recent years, the number of metabolomic studies concerning IBD has been 

increased and focused on the research of small metabolite. It has been demonstrated 

that IBD and healthy patients or, in fewer cases, IBD subtypes can be distinguished 

using the metabolic profile study (105,106). Several serological markers are currently 

used in this field. Unfortunately these markers are more targeted in the discrimination 

between healthy patients and IBD patients, instead of difference between CD and UC.  

Biomarkers that clearly differentiate the subtypes would be very useful for clinical 

practice, especially instead of such invasive tests as biopsies. However, the aim of 

metabolomics is not only the classification between healthy patients and pathological 

patients, but this field is also suitable to understand how single compounds can act in 

different metabolic pathways. Mouse models have been studied with the aim to 

measure difference in serum, urine, faecal and gut tissue extracts of IBD and healthy 

samples. Almost all of these studies included the IL-10 knockout and TNFΔARE/WT 

models (108, 109). These studies revealed important changes in the microbiome, 

serum peptides, and intermediary metabolism. Furthermore, changes in the 

metabolism of cholesterol triglycerides and phospholipids, through different mouse 

models, inflammatory lipid mediators have also been considered as IBD biomarkers 

(110). Another study revealed that compounds involved in several cycles such as the 

tryptophan, fatty acid ad purine as well as methionine-homocysteine and tricarboxylic 

acid (TCA), are also valuable with the goal to identify IBD in patients (111). 

Concerning human tests, non- invasive faecal and serological markers are already used 

to identify IBD. The most important are lactoferrin, calprotectin, polymorph nuclear 

elastase (PMN-elastase) and CRP. These are also used to better distinguish the active 

IBD instead of the inactive forms (112). Several antibodies are also recognized as 

serum biomarkers, like the anti-Saccharomyces cerevisiae or the perinuclear 

antineutrophil cytoplasmic antibodies (113, 116).  

It is well known that the type of biofluid under investigation has a significant impact 

on the resultant metabolic profile. For example, urine metabolites are more influenced 

by environmental factors than serum. On the other hand, the urine metabolic profile 

can help to show possible changes within the bacterial population that colonize the gut 

(117). Recently 1H NMR studies in humans demonstrated decreased level of hippuric 

acid in IBD urine samples suggesting this metabolite as a biomarker. This result is in 

accordance with further studies that found a correlation between hippurate and the 
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presence of Clostridia bacteria in the gut (117). Further studies are required with the 

aim being to find the specific action of hippurate in the IBD disease, especially because 

high levels of this metabolite along with other metabolites like 2-oxoglutaric acid and 

creatinine suggest a connection with general stress metabolism and cannot be used as 

true IBD biomarkers (118). Up to the present time, no urine studies were able to 

distinguish between CD and UC patients. 

Plasma samples were deeply investigated in several studies by 1H NMR GC/MS and 

LC/MS. Results suggest a very weak predictability concerning metabolic difference 

between CD and UC if compared with those one of IBD and healthy patients (119).  

Hisamatsu et al. showed changes in the amino acid profile indicating a difference 

between classes (healthy vs IBD) and even between subclasses (UC vs CD). The amino 

acid profile was also considered useful in monitoring disease activity (120). GC/MS 

studies confirmed the same hypothesis adding also TCA cycle metabolites as potent 

discriminants (121). Despite the propensity to use serum and plasma samples instead 

of urine, these matrices cannot be used to study changes in the population of the gut 

(122). This lack has also led to the study of the faecal metabolic profile. 1H NMR 

studies have already found important changes in faecal metabolite, like the decrease 

of short chain fatty acids in IBD patient (123,124). Further studies on the metabolic 

profile correlations between gut microbiota and faecal samples are still in progress.  

Biopsies from colon tissue are also used to study metabolomics in IBD. Sharma et al. 

analysed the macroscopically mucosa from IBD patients by 1H-NMR to distinguish 

the parts involved in the disease and the ones not involved (125). Other studies were 

able to distinguish between healthy mucosa samples and IBD samples. Moreover, 

through these studies it was possible to define difference between the active state of 

UC and those inactive (126).  Concerning the lipid metabolic profile, little has been 

reported in literature for the IBD. Fan et al. demonstrated different lipids as 

significantly and negatively associated with CD. These alterations of lipid profiles, 

particularly plasmalogens may contribute to the pathogenesis of IBD (127). Also, 

Agouridis et al., highlighted several differences in the IBD lipid profile (128). Bearing 

in mind all the useful tools used to study IBD we can be assured that the metabolic 

profile of biofluids represents a powerful instrument in the detection of potential 

biomarkers and possibly highlight altered metabolic pathways in IBD. 
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2. AIM OF THE WORK 

 

My PhD study is part of a large project aiming to investigate IBD pathologies through 

the use of metabolomics and microbiological approaches. This project was in 

collaboration with the Unità semplice dipartimentale di gastroenterologia dell'azienda 

sanitaria ospedaliera di Monserrato (CA, Italy) and the Department of biomedical 

sciences microbiology and clinic microbiology section and clinic pathology section, 

University of Cagliari (CA, Italy). Furthermore, a part of the analyses have been 

performed at the Department of Biochemistry, University of Cambridge (United 

Kingdom). As previously reported, the IBD diagnosis arises from a multidisciplinary 

method including clinical, endoscopic, radiological, histological and analytical 

datasets. Unfortunately, this diagnosis is only possible when the pathology is already 

in a progressive stage and usually it is not possible to clearly define the correct 

difference between CD and UC. Moreover, the etiological and pathogenic theories for 

IBD are still not very clear and they need to be improved. In this work, faecal and 

plasma samples of patients affected by IBD, CD and UC were analysed and compared 

with healthy patient samples, with the aim to characterize metabolomic profiles and 

infer possible metabolic pathways implicated in their pathogenesis. The organization 

and collection of samples was conducted by the gastroenterology unit. The 

microbiological analyses were completed by the microbiological unit. The main 

analytical techniques for this project were liquid chromatography coupled with mass-

spectrometry and ion mobility, due to their high sensitivity and to their strong 

reproducibility. Datasets were processed using multivariate statistic packages to fully 

understand the most significant metabolites implicated in this disease. For the faecal 

samples, microbiological analyses were also used to study correlation between the gut 

microbiota and the discriminant metabolites.  
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3. MATERIALS AND METHODS 
 

3.1. Patients  

Patients were recruited at the Unità semplice dipartimentale di gastroenterologia 

dell'azienda sanitaria ospedaliera di Monserrato (CA, Italy). The study was conducted 

in accordance with the principles of good clinical practice. The institutional ethics 

committee approved the study, and written informed consent was obtained from each 

participant. All eligible UC (n=82) and CD (n=52) patients had their diagnosis 

confirmed by endoscopic, histological and radiographic data. Disease activity was 

verified by well-established criteria (129) and were at the time of enrolment graded in 

accordance with the Mayo-score (130) for UC patients and Harvey-Bradshaw-score 

(131) for CD patients. Informed written consent was obtained from all patients. The 

CD group comprised of 25 males, with a range of age and body mass index (BMI) 

from 21 to 65 and from 16 to 31, respectively, and 27 females with a range of age and 

BMI from 28 to 78 and from 16 to 31, respectively. UC patients were as follows: 43 

males with an age range from 20 to 76 and a BMI range from 19.0 to 32.5 and 44 

females from 20 to 76 of ages and a BMI in the range of 15.7 and 35.6. Samples were 

in different stages of pathological activity: quiescent, mild, moderate and severe. 

Furthermore, they were subjected to different therapies: adalimumab, azatioprine, 

infliximab, traditional and naïve. 

The healthy volunteers (n=51) were recruited locally (Sardinia, Italy). Exclusion 

criteria were age above 80 or below 20 years, recent use of antibiotics or probiotics 

and pregnancy. The group consisted of 31 males with a range of age and BMI from 24 

to 66 and from 18.9 to 24.7, respectively, and 20 females from 24 to 65 years old and 

from 19.3 to 31.2 of BMI. Each participant was given a sample collection kit with 

instructions. One faecal sample, and one plasma sample from each subject were 

collected, subsequently delivered to the laboratory within 3 h and stored at -80°C until 

use. All the patients group’s characteristics are reported in table 3.1. 
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3.2. Materials 

Methanol, chloroform, dichloromethane, isopropanol, acetonitrile, water and 

analytical standards were purchased from Sigma Aldrich (Milano, Italy and St. Louis, 

Missouri, United State). Bidistilled water was obtained from a MilliQ purification 

system (Millipore, Milan, Italy) before use. 

 

3.3. Internal Standards. 

 Amino Acid Standards mix, comprising of physiological acidics, neutrals and 

basics was used for the faecal and plasma polar phase analysis (A 9906.Sigma-

Aldrich, St. Louis, MO, USA). 

 2-Amino-4-methoxy-6-methylpyrimidine 98% (Sigma-Aldrich, St. Louis, MO, 

USA) was used as internal standard for the faecal samples lipid analysis. 

 A mixture of 26 deuterated lipids comprehensive of phosphatidic acid (PA), 

phosphatidylcholines (PC), phosphatidylethanolamines (PE), 

glycerophospholipids (PG), phosphatidylinositols (PI), phosphatidylserine (PS), 

sphingomyelin (SM), ceramides (Cer), triacylglycerols (TG) and fatty acids FA 

was used for the plasma lipid profile analysis. A resume list for the deuterated 

lipids used is reported in table 3.2. 

 

3.4. Sample extraction. 

In this project, faecal and plasma samples were analysed with the aim to study the 

metabolomics profile of IBD. Two different profiles were studied: the polar metabolite 

profile and the lipid profile.  

 

3.4.1. Faecal samples extraction 

Frozen faeces (300 mg) were thawed at room temperature and mixed with 800 µL of 

methanol and 200 µL of Milli-Q water by vortexing. After 30 minutes, samples were 

centrifuged at 24,130 g and 4°C for 10 minutes. After the centrifugation 50 µL of 

supernatant were transferred into an Eppendorf tube (Eppendorf®, 022363204, USA) 

and mixed with 316 µL of methanol and 633 µL of dichloromethane. Samples were 

then centrifuged for 10 minutes at 24,130 x g. After centrifugation, the supernatant 

was transferred into a new Eppendorf tube where 200 µL of water were added to 

induce phase separation. All samples were centrifuged at 24,130 g for 10 minutes. The 

http://www.sigmaaldrich.com/catalog/product/aldrich/379468
http://www.sigmaaldrich.com/catalog/product/aldrich/379468
http://www.sigmaaldrich.com/catalog/product/aldrich/379468
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resulting two phases were separated, transferred into glass vials, dried under nitrogen 

and stored at -80°C until being analysed (132). 

 

3.4.1.1 Sample preparation for the lipid phase analysis of faecal samples.  

Dried lipid phases were re-suspended in 300 µL of methanol, filtered with Acrodisc 

Syringe Filters with 0.45 mm PTFE Membrane (SIGMA, St. Louis, MO, USA) (135) 

and transferred in a glass vial for the LC/MS Q-TOF analysis.  

 

3.4.1.2 Sample preparation for the polar phase analysis of faecal samples 

Dried polar phase samples were suspended in 200 µL of a 10 mM ammonium acetate 

internal standard solution (paragraph 3.3) and sonicated for 5 minutes. Samples were 

then transferred to an Eppendorf tube and centrifuged at 24,130 x g for 5 minutes. The 

supernatant was loaded into a 96 well plate for the LC/MS analysis. 

 

3.4.2. Plasma samples extraction 

Samples were thawed and extracted with two different methods: one each for the polar 

and lipid phases. 

 

3.4.2.1. Sample preparation for the lipid phase analysis of plasma samples  

Plasma samples were centrifuged at 24,130 x g for 10 minutes at 4°C and 400 µL of 

supernatant were transferred in an Eppendorf tube. A modified Folch method (133) 

was used to extract and separate hydrophilic and lipophilic metabolites. Quality 

control (QC) samples, which contained 20 µL of each plasma sample analysed, were 

also prepared using the same method. Briefly, 400 µL of each plasma sample were 

mixed with 600 µL of methanol, 600 µL of chloroform and 175 µL of Milli-Q water 

and centrifuged at 5139 x g for 30 minutes at 4°C. The high volume of plasma was 

chosen with the aim to use a single extraction protocol to analyse the aqueous 

metabolic profile using both GC/MS and HNMR. The lipid chloroform phase was 

separated and dried under a gentle stream of nitrogen. Dried samples were send to the 

Department of Biochemistry at University of Cambridge (Sanger Building, 80 Tennis 

Court Road) for the lipidomics analysis.  
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3.4.2.1.1. Total lipid extraction.  

Samples were suspended in 1000 µL of methanol, vortexed for 3 minutes and 

sonicated for 5 minutes. After sonication, 50 µL of the sample was transferred into a 

vial and diluted with 50 µL of internal standard and 75 µL of Chromasolv ultrapure 

water. 

 

3.4.2.1.2. Solid Phase Extraction (SPE)  

From the pool of samples, 10 from the CD class, 10 for the UC class and 10 for the 

healthy samples class were submitted to a solid phase extraction. Five males and five 

girls with an average of age from 20 to 30 years and a BMI from 16 to 31 formed each 

class. Dried organic phase from the previous Folch analysis were reconstituted in 800 

µL of chloroform and sonicated for 5 minutes. Subsequently, 20 µL of each sample 

was transferred into a vial and diluted with 100 µL of internal standard. The solution 

was dried under a gentle stream of nitrogen and then suspended in other 800 µL of 

chloroform. At this stage chromabond aminopropyl-modified silica NH2 

(1mL/100mg) columns from Macherey-nagel were conditioned with 3000 µL of 

hexane. After the conditioning 800 µL of samples was added and different solvents 

were used to elute separate lipid fraction in the sequence as detailed below:  

• 1 mL of chloroform: isopropanol 2:1 (v/v) solution for neutral lipids  

• 1 mL of diethyl ether: acetic acid 98:2 (%) solution for fatty acids 

• 1 mL of methanol for phospholipids 

All the samples were then dried and suspended with 50 µL of isopropanol: acetonitrile: 

water solution (2:1:1 v/v). 

 

3.4.2.2. Sample preparation for the polar phase analysis of plasma samples 

20 µL of thawed plasma were transferred into an Eppendorf tube and 100 µL of 0.1 M 

of HCl internal standard solution were added. Samples were then sonicated for 5 

minutes and centrifuged for 5 minutes at 5139 x G. The obtained surfactant was dried 

under a gentle stream of nitrogen. Samples were then suspended in 100 µL of a 10 mM 

ammonium acetate solution, vortexed, sonicated for 5 minutes and centrifuged 5 
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minutes at 14000 rpm. Samples were then transferred in a 96 multi-well plate for 

LC/MS analysis.   

 

3.5. Analytical platforms 

 

3.5.1. High-performance liquid chromatography (HPLC)  

High-performance liquid chromatography is a commonly used technique for chemical 

analysis, and metabolomics, due to its ability to separate, analyse, and/or purify 

different samples (135). This technique allows separation of eluted compounds quickly 

and with high efficiency by exploiting the different chemical affinity of the analysed 

compounds with solvents (mobile phase), silica particles (stationary phase) under a 

pressure which can reach 1000 bar. Furthermore, with this technique for every analysis 

it is possible to use a small volume of sample that imply a smaller use of eluent (136).  

There are two variations of HPLC separations depending on the relative polarity of the 

solvents and the stationary phases. Normal phase separation is based on a column filled 

with silica particles, and the solvent used is non-polar. Polar compounds in the mixture 

pass through the column and stay for longer in the polar phase if compared with non-

polar compounds that pass more quickly through the column. 

Reverse phase separation uses the same 3 µm column size, but the silica is non-polar 

thanks to the presence of the long hydrocarbon chains to its surface, usually with either 

8 or 18 carbon atoms in them. A polar solvent is usually used. In this case, there will 

be a strong attraction between the polar solvent and polar molecules in the mixture that 

will cross the column. Non-polar compounds will spend less time in solution in the 

solvent and this will slow them down on their way through the column.  

For the lipidomic analysis, i.e. the metabolomic lipid analysis, a reversed phase with 

the use of strong polar solvents as acetonitrile, isopropanol and methanol is 

recommended (137). Mass spectrometry is the most suitable technique to characterise 

different compounds after separation. 
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3.5.2. Mass Spectrometry (MS) 

Mass spectrometry is based on the ionisation of molecules that are subsequently moved 

and influenced by external electric and magnetic fields. Because of the high reactivity 

of the ions their formation and manipulation must be conducted under vacuum 

environment. Mass spectrometers are basically formed of three parts. At the beginning, 

an ion source ionizes the sample following column separation. The ionisation can be 

conducted in positive or in negative ion mode and that depends on the way how the 

molecules will be ionised. The most commonly used ion sources are the electrospray 

ionisation (ESI) and the atmospheric pressure chemical ionisation (APCI). The first is 

recommended for the analysis of polar molecules, while the APCI for the molecules 

with low polarity. After ionisation the ions are conducted and separated to the detector 

according to their mass by the mass analyser. The separated ions are then measured by 

a detector and then converted in analytical data (137). There are different types of mass 

analyser. 

 

3.5.3. Triple quadrupole (QqQ) 

A triple-quadrupole mass spectrometer, also known as QqQ, is a tandem MS composed 

of three quadrupoles. The first acts together with the third as a mass filter, while the 

second fragments the ions through the interaction with a collision gas, usually argon 

or nitrogen. The second quadrupole can be used in single ion mode or scan mode. This 

instrument showed successfully power among the structural information and 

quantification results. The most important advantages are the increased selectivity of 

compound identification, the improved signal-to-noise ratio, the lower limits of 

quantitation, the extensive linear range and the improved accuracy. Although QqQ is 

a particularly useful method for all stages of pharmaceutical development, it is a 

reliable option for many applications, such as clinical research, food safety, forensics, 

environmental, and proteomics (138). 

 

3.5.4. Quadrupole Time-of-flight (Q-TOF) 

Q-TOF is a mass spectrometry method in which the correct mass of ions is determined 

by a time measurement. Ions, after ionisation, are accelerated by an electric field that 

confers a different kinetic energy to the ions according to their charge and mass. The 

time that each ion subsequently takes to reach the detector through a defined distance 
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is measured. This time will depend on the velocity of the ion, and therefore is a 

measure of its mass-to-charge ratio. From this ratio and known experimental 

parameters, it is possible to identify the ion with a very accurate mass (139). 

Unfortunately, several compounds have the same mass making their identification 

difficult. To solve this problem, it is possible to use the tandem mass spectrometry 

analysis (MS/MS). 

 

3.5.5. MS/MS analysis 

MS/MS is a method for structure determination and analysis of molecules. 

Traditionally, MS/MS uses two mass spectrometers in tandem. Between the two 

analysers is sited a collision gas cell. Precursor ions selected by the first spectrometer 

or quadrupole collide with a high pressure gas (helium, argon, nitrogen) in the cell and 

are fragmented. The resulting ions, called fragments, are analysed by the second 

spectrometer. In the Q-TOF, the collision cell is located between the quadrupole and 

TOF analyser. Many large molecules such as peptides or lipids have spectra with only 

a few fragment ions. Usually each precursor ion has specific fragment ions that can be 

used for its identification. But in some cases, ions with the same mass have the same 

fragments and this makes their identification not easier (140). Ion mobility is one of 

the latest modern techniques that can be used to achieve this goal. 

 

3.5.6. Ion mobility 

Ion mobility is an analytical technique used to separate ions in gas phase based on their 

dimension and shape. Coupled with mass spectrometry, this technique is used to obtain 

complementary information about analytes. In the instrumental setup used here, a 

tunnel (drift tube) is placed after the ion source. The ionised molecules in the drift tube 

move towards the MS thanks to the presence of an electric field, and their velocity is 

influenced by collision with molecules of a buffer gas (nitrogen or helium) in the tube, 

as well as their shape and charge. Ions with multiple charges cross the tunnel with 

more efficiency than those charged singularly because they exert more strength than 

the others due to their electrical field. On the other hand, ions with a large impact 

section are held more easily in the tunnel. This happens because the resistance force, 

resulted from the ions collision with the buffer gas, acts against their acceleration 

imposed by the electric field. By measuring the time required for an ion to cross the 
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drift tube and reach the mass spectrometer detector (drift time, DT) it is possible to 

calculate the collisional cross section (CCS) using the Mason-Schamp equation (141), 

𝐾 =
3

16
 √

2𝜋

𝜇𝑘𝑇

𝑄

𝑛𝜎
 

where, Q is the ion charge, n is the drift gas number density, μ is the reduced mass of 

the ion and the drift gas molecules, k is Boltzmann constant, T is the drift gas 

temperature, and σ is the collision cross section between the ion and the drift gas 

molecules. Hence, the advantages of using ion mobility include obtaining a further 

layer of separation compared to LC alone, as well as having an extra physicochemical 

property (CCS) which in combination to the retention time and m/z can aid in the 

identification process (141).  

  

3.6. LC/MS analysis conditions. 

 

3.6.1. LC/MS/MS QqQ polar profile analysis of faecal and plasma samples. 

A Thermo scientific UHPLC+ series coupled with a TSQ Quantiva mass spectrometer 

(Thermos fisher scientific, Waltham, Massachusetts, United States) was used with an 

ESI source, operated in positive and negative ion mode at the same time. The 

electrospray voltage was set to 3500 V for the positive ionisation and to 2500 V for 

the negative ionisation. Nitrogen at 48 mTorr and 420 °C was used as a drying gas for 

solvent evaporation. The organic phases were analysed with an ACE Excel 2 C18 PFP 

(100A. 150 x 2.1 mm 5µ) column. The mobile phase consisted of: (A) a 0.1% of formic 

acid water solution and (B) a 0.1% of formic acid acetonitrile solution. The mobile 

phase was pumped at a flow rate of 500 µL/min programmed as follows: initially 

stayed at 100% of A for 1.60 min, then subjected to a linear decrease from 100% to 

70% of A in 2.4 min and to 10% in 0.5 min then staid constant for 0.5 min and brought 

back to initial condition after 0.1 min. The Xcalibur software (Thermos fisher 

scientific, Waltham, Massachusetts, United States) was used for data acquisition. 

Putative recognition of all detected metabolites was performed using a targeted 

MS/MS analysis. Calculated masses and mass fragments of the calculated compounds 

were reported in table 3.3.  
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3.6.2. LC/MS QTOF lipid profile analysis of faecal samples.  

An Agilent 1200 series LC/MS QTOF (Agilent technology, Santa Clara, California, 

United States) was used with an ESI source, operated in positive ion mode. The 

electrospray capillary potential was set to 60 V, the needle at 5850 V, and the shield 

at 450 V. Nitrogen at 48 mTorr and 375 °C was used as a drying gas for solvent 

evaporation. Full-scan spectra were obtained in the range of 100-1500 amu for the 

faecal extract, scan time of 0.20 amu, scan width of 0.70 amu, and detector at 1500 V. 

The organic layers were analysed by a Pheomenex Kinetek C18 column EVO (100A. 

150x2.1 mm 5µ) (California, USA). The mobile phase consisted of: (A) a 10 mM 

ammonium formate solution in 60% of milliQ water and 40% of acetonitrile with 0.1% 

of formic acid (v/v) and (B) a 10 mM ammonium formiate solution containing 90% of 

isopropanol, 10% of acetonitrile with 0.1% of formic acid (v/v). The mobile phase was 

pumped at a flow rate of 250 µL/min programmed as follows: initially stayed at 68% 

of A for 1.30 min, then subjected to a linear decrease from 68% to 3% of A in 30 min 

and was then brought back to the initial conditions in 10 min. The Mass Hunter 

software (Agilent technology, Santa Clara, California, United States) was used for data 

acquisition. Putative recognition of all detected metabolites was performed using the 

Metlin and the Lipid Maps databases, whereas the most statistically significant 

metabolites were subjected to further identification with the means of targeted MS/MS 

analysis. Data were collected in the same m/z range of the MS scan mode and collision 

energy was set at 30V.  

 

3.6.3. Ion Mobility QTOF LC/MS lipid profile analysis of plasma samples. 

 

3.6.3.1. Agilent Ion mobility QTOF LC/MS analysis 

As first step, a new method was set up for the lipid plasma analysis using the Agilent 

5650 Ion mobility QTOF. 

 

3.6.3.1.1. Positive ion mode 

The electrospray capillary potential was set to 60 V, the needle at 20 kV. Nitrogen at 

48 mTorr and 375°C, was used as a drying gas for solvent evaporation. Full-scan 

spectra were obtained in the ranges of 50 - 1200 amu for the plasma extract, scan time 

of 0.20 amu, scan width of 0.70 amu, and detector at 2950 V. The organic phases were 
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analysed by a Waters Acquity CSH C18 column (100 x2.1 mm 1.7 µm). The mobile 

phase consisted of: (A) 10 mM ammonium formate solution in 60% of milliQ water 

and 40% of acetonitrile with 0.1% of formic acid (v/v) and (B) 10 mM ammonium 

formate solution containing 90% of isopropanol, 10% of acetonitrile with 0.1% of 

formic acid (v/v). The mobile phase was pumped at a flow rate of 400 µL/min 

programmed as follows: initially stayed at 60% of A, then subjected to a linear 

decrease from 60% to 50% of A in 2 min, then arrived at 1% in 5 minutes staying at 

this percentage for 1.9 minutes and then brought back to the initial conditions in 1min. 

The Agilent MassHunter LCMS acquisition console was used for the data acquisition.  

 

3.6.3.1.2. Negative ion mode  

The electrospray capillary potential was set to 60 V, the needle at 20 kV. Nitrogen at 

48 mTorr and 375 °C was used as a drying gas for solvent evaporation. Full-scan 

spectra were obtained in the ranges of 50 - 1200 amu for the plasma extract, scan time 

of 0.20 amu, scan width of 0.70 amu, and detector at 2950 V. The organic layers were 

analysed by a Waters Acquity CSH C18 column (100 x2.1 mm 1.7 µm) The mobile 

phase consisted of: (A) a 10 mM ammonium acetate solution in 60% of milliQ water 

and 40% of acetonitrile and (B) a 10 mM ammonium acetate solution containing 90% 

of isopropanol, 10% of acetonitrile with 0.1% of formic acid (v/v). The mobile phase 

was pumped at a flow rate of 400 µL/min programmed as follows: initially stayed at 

60% of A, then subjected to a linear decrease from 60% to 50% of A in 2 min, then 

arrived at 1% in 5 minutes staying at this percentage for 1.9 minutes and then brought 

back to the initial conditions in 1min. The Agilent Mass Hunter LCMS acquisition 

console was used for the data acquisition. 

 

 

3.6.3.2. Xevo Q2 TOF analysis. 

To confirm the strength of the new analytical method, an AcquityTM Waters LC/MS 

coupled with a Xevo G2 QTOF mass spectrometer was used with an ESI source, 

operated in both positive and negative ion mode. 
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3.6.3.2.1. Positive ion mode.  

The electrospray capillary potential was set to 60 V, the needle at 20 kV. Nitrogen at 

48 mTorr and 375 °C was used as a drying gas for solvent evaporation. Full-scan 

spectra were obtained in the ranges of 50 - 1200 amu for the plasma extract, scan time 

of 0.20 amu, scan width of 0.70 amu, and detector at 2950 V. The organic layers were 

analysed by a Waters Acquity CSH C18 column (100 x2.1 mm 1.7 µm) The mobile 

phase consisted of: (A) a 10 mM ammonium formate solution in 60% of milliQ water 

and 40% of acetonitrile with 0.1% of formic acid (v/v) and (B) a 10 mM ammonium 

formiate solution containing 90% of isopropanol, 10% of acetonitrile with 0.1% of 

formic acid (v/v). The mobile phase was pumped at a flow rate of 400 µL/min 

programmed as follows: initially stayed at 60% of A, then subjected to a linear 

decrease from 60% to 50% of A in 2 min then arrived at 1% in 5 minutes staying at 

this percentage for 1.9 minutes and then brought back to the initial conditions in 1min. 

The Masslynx v4.1 software was used for data acquisition. 

 

3.6.3.2.2. Negative ion mode. 

The electrospray capillary potential was set to 60 V, the needle at 20 kV, and the shield 

at 450 V. Nitrogen at 48 mTorr and 375 °C was used as a drying gas for solvent 

evaporation. Full-scan spectrum was obtained in the ranges of 50-1200 amu for the 

plasma extract, scan time of 0.20 amu, scan width of 0.70 amu, and detector at 3100 

V. The organic layers were analysed by a Waters Acquity CSH C18 column (100 x2.1 

mm 1.7 µm). The mobile phase consisted of: (A) a 0.1% triethylamine solution in 

LC/MS grade chromasolv water and (B) a 0.1% triethylamine solution containing 40% 

acetonitrile and 60% isopropanol (v/v). The mobile phase was pumped at a flow rate 

of 400 µL/min programmed as follows: initially stayed at 80% of A, then subjected to 

a linear decrease from 80% to 0% of A in 5.50 min staying at this condition for three 

minutes and was then brought back to the initial conditions in 2 min. The Masslynx 

v4.1 software was used for data acquisition. 

 

3.6.3.3. IM-QTOF-LC/MS analysis of SPE samples 

For this analysis, the same parameters of the Ion Mobility QTOF LC/MS lipid profile 

analysis of plasma samples were used. The mobile phase was pumped at a flow rate of 

400 µL/min programmed as follows: initially stayed at 60% of A, then subjected to a 
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linear decrease to 50% of A in 2.10 min and kept decreasing to 30% of A in 10 minutes 

and to 1% of A in 6 minutes staying at this condition for 0.1 minutes and was then 

brought back to the initial conditions in 2 min. The Agilent Mass Hunter LC/MS 

acquisition console software was used for data acquisition. 

 

3.6.4. MS-MS analysis 

Data were collected in the same m/z range of the MS scan mode and injected using 

different collision energy: 20, 30 and 40 V. The analysis was conducted in a targeted 

MS/MS mode, choosing the parent masses and the respective retention time. All the 

information about the MS/MS data are reported in table 3.4 and 3.5. Examples of a 

MS/MS experiment are reported in figure 3.1. 

 

3.7. Chromatogram pre-processing.  

LC/MS chromatograms were processed to obtain a matrix of features present across 

all samples. The R (R Core Team 2013.R Foundation for Statistical Computing, 

Vienna, Austria) library XCMS (https://bioconductor.org/biocLite.R) was utilized for 

peak detection and retention time correction (144,145). Parameters utilized for peak 

deconvolution for LC/MS matrices were optimised using the R library IPO (146). 

Grouping of features into pseudospectra was performed using the standard parameters 

of the R library CAMERA (147). Matrices obtained from IM-QTOF-LC/ MS analyses 

were processed with the MassHunter suite to perform mass and CCS calibration as 

well as feature extraction. 

The resulting matrices were processed using a KNIME pipeline comprising both 

KNIME native nodes and integrated R scripts to: eliminate noise/background signals, 

keep only the most abundant feature per pseudospectrum, impute missing values using 

a Random Forest approach and perform median fold change normalization (148). 

 

3.8.Chemometric analysis 

From the chromatogram pre-processing a data matrix was  created and subsequently 

was elaborated using SIMCA Software (14.0, Umetrics, Umeå, Sweden). Among the 

several mathematical and statistical analysis of data exploration, in this thesis principal 
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component analysis (PCA) and partial least square-discriminant analysis (PLS-DA) 

with its orthogonal extension (OPLS-DA) were achieved. 

 

3.8.1. Chemometrics 

Chemometrics is the science that allows the relation of measurements from a data 

system or process with the state of itself through mathematical and statistical methods 

(149). A multivariate system, showed in figure 3.2, is represented by a matrix X of N 

rows (samples) and K columns (variables). Generally, the observed samples can be 

analytical samples, clinical samples or chemical reactions, while variables can have 

different origins such as, spectral intensities (from NIR, NMR, IR, UV analysis), 

chromatographic response or physical measurements. In this thesis several extracts of 

plasma and faecal samples were used as observations, while spectral peak intensities 

were used as variables. 

 

3.8.2. Scaling 

In a multivariate analysis variables have to be comparable each other. For this reason 

data set have to be pre-treated with the aim to be converted in a more eligible form for 

the analysis. In the case of variables that differentiate in order of size, we need to give 

the same importance to each one. This signifies that the length of each coordinate in 

the variable space has to be regulated following a predetermined criteria. In order to 

accomplish this task, a mathematical transformation of the data, termed scaling, needs 

to be used. In this work, pareto scaling was chosen as preferred method. Pareto scaling 

uses the square root of the standard deviation as the scaling factor. This action reduces 

the large differences in intensity between different features, which would otherwise 

bias the results by conferring a higher importance to most abundant variables (150). 

 

3.8.3. Principal component analysis (PCA) 

To show the complexity of a phenome constituted by a large number of variables using 

a small number of summary indicators (latent variables) a PCA is. PCA is an 

explorative method that identifies the distribution of a data set, highlights similarities 

and differences no suspected among the data and compresses the data reducing their 

dimensions into a smaller number of new variables called principal components (pc). 

Principal components describe the data variability, reveal groups of normal and 
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abnormal objects (outliers) and find the relations between the objects and the variables 

and even between the variables. After the data pre-processing and scaling, samples 

that formed the matrix take place into a space creating a set of points. This distribution 

causes a redisposition of the coordinated system that matches the average point with 

the origin of a new reference system (Figure 3.3). This new direction is called principal 

component and the new coordinate system it is called a scores plot. Usually, to show 

all the system variations it is not sufficient using only one pc and for this reason a 

second pc is also calculated. This component is shown as an orthogonal line to the first 

pc that passes across the average point (Figure 3.4). The loadings analysis is required 

to interpret the scores plot and to discover the correlation between samples and 

variables. The loadings describe the data structure on the basis of the variables 

correlations. They represent the orientation of plan set into the multivariate space. The 

first pc direction compared to original variables is formed due to the angles of cosine 

α1, α2 and α3. These values indicated as the original variables x1, x2 and x3 influenced 

the first pc. These are called loadings. Similarly, a second set of loadings creates the 

direction of a second pc compared to the original variables (Figure 3.5). The number 

of pc is related to the variance of the model and by that it is possible to understand 

how much information is explained by the model. PCA results are reported into 

different plots. The scores plot reported the samples projection into the model space, 

calculated by the use of principal components, while the loadings plot reports the 

projection of variables, using the same rules. The quality of the model can be evaluated 

by the R2 and Q2 parameters. The R2 is the fraction of the variation of the variables 

explained by the model. Q2 is an estimate of the predictive ability of the model. It is 

calculated by cross-validation. The sample data set is divided into n parts (n = 7 in 

SIMCA by default), then the model is built on n-1 parts (training set) and tested on the 

remaining part (test set). By performing these steps for as many iteration as allowed 

by the initial division of the dataset into sub-sets, it is possible to calculate the sum of 

square error for the whole dataset. This is then called the Predicted Residual Sum of 

Squares. The closer the R2 is close to 1 the more the model is close to the referred 

experimental models. If the system is homogenous R2 and Q2 will be similar, whereas 

if the system is heterogeneous Q2 will be lower than R2. Furthermore, it is possible to 

highlight the outliers, namely samples that differ excessively if compared with the 

others and are not very well described by the model. These observations have a high 

leverage to the model. The leverage is proportional to the distance between an 
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observation and the dataset centre. The variance explained, usually measured as the 

total variance percentage, is a variance proportional measurement of data taken in 

consideration by the pc. The variance that is not explained is called residual. To greater 

appreciate the presence of outliers it is possible to use two analyses: Hotelling's T2 and 

DmodX analysis (151). 

 

3.8.4. Partial least square-discriminant analysis and its orthogonal variation 

(O/PLS-DA) 

PLS-DA is a discriminant analysis that classifies one object (sample) on the basis of 

its belonging class. This is a supervised analysis that uses as a prerogative the necessity 

of a sample classification that is collected in a second matrix called Y matrix. The 

generated two matrices, the X matrix (constituted by the observation and the variables) 

and the Y matrix (constituted by the samples classes) are put in relation and the quality 

of the model is valuated with different parameters (Figure 3.6). The generated R2 and 

Q2 values described the reliability and the predictive ability of the fitting, respectively. 

Q2 is made on the basis of a cross-validation analysis.  R2Y describes the classificatory 

power of the model. Permutation test, a non-parametric test, is also achieved to 

highlights the classificatory power of the model. This test use random shuffles of the 

data to get the correct distribution of a test statistic under a null hypothesis. Three 

parameters are used for this analysis: the null hypothesis which determines what we 

permute, the test statistic which affects the power and the number of permutations, 

which affects precision of the estimated p-value. This test collect the correct false 

positive amount from the distributional characteristics of the data.  

In the case of a non-directly correlation between Y matrix and variables an Orthogonal 

Projections to Latent Structures (OPLS) can be useful to interpret the problem by 

incorporating an orthogonal signal correction (OSC) filter into a PLS model. This 

model separates the Y -predictive variation from the Y -uncorrelated variation in X. It 

is important to highlight that OPLS-DA does not provide predictive advantage over 

PLS-DA. With the aim to study the possible discriminant variables for the project, 

different analyses can be used. A variable importance in the project test (VIP) gives a 

measure of a variables importance in the PLS-DA model. It summarizes the influence 

of a variable in the model. The VIP score of a variable is calculated as a percentage 

variation sum of the squared correlations between the PLS-DA components and the 
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original variable. All the variables that have a value of VIP lower than 1 are not 

influencing the classification. In the case of OPLS-DA it is more correct using the S-

plot to study the discriminants. S-plot, combines covariance and correlation of loading 

profiles (152). 

 

3.9.Univariate statistical analysis.  

GraphPad Prism software (version 7.01, GraphPad Software, Inc., CA, USA) was used 

to perform the univariate statistical analysis of the data and Spearman correlations 

between the microbiome and the metabolome (153). To verify the significance of 

metabolites obtained using multivariate statistical analysis and to find differences in 

the microbiome, a Mann Whitney U test was also performed (154). For the SPE 

analysis all the univariate analysis was made using a one way non parametric test with 

the Bonferroni’s correction (155). 
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4. RESULTS 

 

4.1. Lipid metabolite profile analysis of faecal samples 

Using LC/MS QTOF, 255 metabolites from 177 samples of CD patients, UC patients 

and healthy subjects were detected. Peaks were identified and attributed to endogenous 

metabolites that included steroids, Cer, PS, PC, PE, diacylglycerols (DAG), TG and 

NAPE. One example of faecal lipid extract chromatograms are shown in figure 4.1. 

To investigate the correlations between compositional and analytical data, and to 

observe sample distribution in multivariate space, unsupervised PCA was performed 

within SIMCA 14.0 software. The Hotelling’s T2 and the DmodX analysis showed 

five outliers that, after a deep investigation with the aim to find valid correlations for 

their different distribution, were excluded from the project. The analysis reported five 

significant principal components for the project with an R2 and a Q2 of 0.54 and 0.46, 

respectively. The first two components could describe the 29% and 39% of the total 

variance, respectively. From a visual analysis of the score plot, no clusters were 

highlighted based on pathology, pathological localisation or disease activity. With the 

aim to find possible discriminant metabolites between the pathologies and the healthy 

patients a PLS-DA was performed with its orthogonal extension (OPLS-DA). OPLS-

DA analysis displayed a clear separation between healthy subjects and both 

pathological classes. For the separation between CD and healthy patients the R2Y and 

Q2 resulting from the OPLS-DA models were, 0.78 and 0.45, respectively. The 

permutation test was verified and the Q2 resulted of -0.48 demonstrating the good 

predictability of the model. For the separation between UC and healthy patients the 

R2Y and Q2 resulted from the OPLS-DA were 0.62 and 0.48, respectively. The 

permutation test verified the Q2 resulted of -0.14. It was not possible to build a 

statistically significant model to distinguish between CD and UC patients. OPLS-DA 

scores plots and permutation tests are reported in figures 4.2 and table 4.1. From the 

coefficient analysis and the loadings plot analysis, and after verifing the significance 

of the metabolites by the univariate Mann Whitney U test, seventeen metabolites were 

interpreted to be different between CD patients and healthy controls. Using MS/MS 

fragmentation data and consulting the Metlin and Lipidomics libraries, six compounds 

were annotated. DAG 18:0/22:2 was significantly increased in CD patients, while 
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urobilin, PC 3:1/16:0, urobilinogen, PA 16:1/19:0 and PS 18:0/22:2 were found to be 

decreased (Figure 4.3 and table 4.2).  

Comparing UC patients with healthy controls, sixteen metabolites differentiated the 

two classes. Nine of these were in common with the CD patients-healthy controls 

comparison. DAG 16:0/18:2, DAG 18:0/22:2 and NAPE 16:1/18:0/18:1 were 

identified to be significantly increased in UC patients faeces, while PC 3:1/16:0, 

urobilinogen, PC 14:1/22.2, PS 18:0/22:2 and Cer 18:1/22:0 were decreased in UC 

patients (Figure 4.4 and table 4.2). 

 

4.1.1. Correlation between the metabolome and the microbiome 

Microbiological faecal analysis was carried out by the Department of Biomedical 

Sciences and the Department of Medical Sciences and Public Health and 

Gastroenterology Unit, University of Cagliari. A correlation analysis between faecal 

microbiota and lipidomics data was conducted. The analysis was restricted to the 

microbial genera whose relative abundance resulted in being statistically different 

among the different groups of subjects and the most discriminant metabolites among 

the patient groups. Spearman correlation analysis of the microbiome and metabolome 

data revealed strong associations between some members of the microbiota and 

metabolites for CD patients. Five bacterial genera revealed an association with 10 

discriminant metabolites in CD patients. The most correlated genera was Oscillospira, 

particularly with PC 3:1/16:0 and urobilin (all positive correlations). The Escherichia 

genus was negatively correlated with PC 3:1/16:0. For patients affected by UC, the 

Spearman correlation coefficient was lower than for CD patients. Three bacterial 

genera were correlated with discriminant metabolites. Particularly, a strong positive 

correlation was observed between bacteria from the Flavobacterium genus and PC 

3:1/16:0 (Figure 4.5). Spearman’s correlation analysis was also performed between the 

bacterial species and the discriminating metabolites. Fifteen bacterial species showed 

a good correlation with 14 discriminant metabolites in Crohn disease patients. Seven 

species belonging to the Firmicutes phylum (Faecalibacterium prausnitzii, 

Oscillospira eae, Oscillospira guillermondii, Anaerobranca zavarzinii, Veillonella 

montpellierensis, Ruminococcus albus and Alkaliphilus crotonatoxidans), four species 

to the Proteobacteria phylum (Desulphonauticus Autotrophicus, Serratia entomophila, 

Escherichia albertii and Candidatus Endobugula sertula) three species to the 
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Bacteroidestes phylum (Dysgonomonas wimpennyi, Rikenella microfusus and 

Parabacteroides johnsonii) and one, Bifidobacterium adolescentis to the 

Actinobacteria phylum.  In particular, a strong positive correlation was detected 

between Oscillospiraeae PC 3:1/16:0 and urobilin; between Oscillospira guillermondii 

and PC 3:1/16:0; and finally between Desulphonauticus autotrophicus and PC 

3:1/16:0. On the other hand, a strong negative correlation between Faecalibacterium 

prausnitzii and phenylethylamine was documented (Figure 4.6) (156). 

 

4.2. Polar metabolite profile analysis of faecal samples  

LC/MSMS QqQ was used to measure the polar metabolite profile of 166 faecal 

samples. In total 61 polar compounds (Figure 4.7, table 3.2) were selected and their 

area ratios calculated by dividing the detected area of the most abundant fragment with 

that for the relevant internal standard. These area ratios were submitted to a Mann 

Whitney U test. From the Mann Whitney U test analysis 8 and 7 compounds were 

found statistically significant changed in UC and CD, respectively, when compared 

with the control group. Cystine, arginine, carnosine, β-aminoisobutyric acid, α-

aminoisobutyric acid, asymmetric dimethylarginine and methionine were found 

increased in CD  samples, while only malic acid was found decreased in  CD (Figure 

4.8) (table 4.3). For the UC class cysteine, arginine, carnosine, β-aminoisobutyric acid, 

asymdimethylarginine and ornithine were found to be increased, while AMP was 

decreased (Figure 4.9) (table 4.3). No statistical difference was found between CD and 

UC.  

 

4.3. Lipid metabolite profile analysis of plasma samples 

 

4.3.1. Positive ionisation analysis 

The lipid profiles of IBD and healthy plasma samples were studied by LC/MS-QTOF 

and IM-QTOF-LC/MS. After processing the data from LC/MS-QTOF and IM-QTOF-

LC/MS, 780 and 776 mass spectral features, respectively, were selected and 

undertaken for the statistical analysis. Chemical composition analysis indicated that 

the lipid fraction was composed of lipids from the following classes: LysoPC, PC, PS, 

PE, DAG, CE, SM, Cer and TG. Example chromatograms from the ion-mobility 

analysis and from the Q-TOF analysis of plasma samples are reported in Figures 4.10 



42 
 

and 4.11. Initially, to study sample distribution, to detect outliers and to highlight 

differences or common features, PCA was performed on the LC/MS data. The results 

of the PCA were for the IM-QTOF-LC/MS analysis R2X=0.69 and Q2=0.44 and for 

the LC/MS-QTOF analysis: R2X=0.82 and Q2=0.70. Considering gender, age, BMI, 

therapies, state of disease and localization of inflammation no clusters were indicated 

in both analyses. DmodX and Hotelling’s T2 analysis showed 7 and 3 outliers, 

respectively. To identify metabolites that can discriminate for the 3 classes of samples 

(CD, UC, and C), three different OPLS-DA models of the LC/MS data were 

performed: CD vs C, UC vs C and CD vs UC. All the validation results and the 

differences between the two instrument analyses are showed in table 4.4.  

OPLS-DA analysis displayed a clear separation between healthy subjects and both 

pathological classes. From the LC/MS-QTOF data, the OPLS-DA between CD and 

healthy patients showed a R2Y and Q2 of 0.67 and 0.51, respectively. The permutation 

test was verified and the R2 resulted of -0.20 highlighting a good prediction power. 

The separation between UC and healthy patients reported R2Y and Q2 of 0.84 and 0.59 

respectively. The permutation test was verified and the Q2 resulted of -0.31 

highlighting a good classification. Unfortunately, the two pathological classes could 

not be distinguished by their plasma lipid profile. Using IM-QTOF-LC/MS CD and 

healthy patients were differentiated by their lipid profiles (R2Y and Q2 of 0.50 and 0.37 

respectively). The permutation test verified the model (Q2 = -0.18). UC and healthy 

patients were also distinguished by lipidomics data from IM-QTOF-LC/MS (OPLS-

DA: R2Y and Q2 of 0.54 and 0.34, respectively). The permutation test was verified and 

the R2 resulted of -0.18.  Results of OPLSDA are shown as scores plot and permutation 

tests in figures 4.12 and 4.13. From the coefficient analysis and the loadings plot 

analysis, and after verifying the significance of the metabolites by the Mann Whitney 

U test, thirteen metabolites were interpreted as different between CD patients and 

healthy controls and for UC patients and healthy controls. Using MS/MS 

fragmentation data and consulting the Metlin and Lipidomics libraries, we could 

identify the most discriminant compounds. LysoPC 18:0, LysoPC 18:1, LysoPC 18:2, 

PC 18:0/18:1, PC 18:1/18:1, PC 18:2/18:2 and PC 18:3/20:4 were decreased on CD 

samples, while PC16:0/22:6, PC18:0/22:6, PC 18:3/20:3, SM 16:1/20:1, TG 

18:1/18:2/20:4 and TG 16:0/18:1/18:2 were increased in CD samples. On the other 

hand, LysoPC 18:1, LysoPC 18:2, PC 18:0/18:1, PC 18:1/18:1, PC 18:2/18:2, , PC 
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18:3/20:4, TG 14:0/16:0/18:2 and TG 16:0/18:0/18:1 where decreased for UC  

samples, while PC 16:0/20:4, PC 16:0/22:6, SM 18:2/24:0 and TG 18:1/18:2/20:4 

were increased in UC samples. All the discriminant metabolites with p values are 

reported in figures 4.14 and 4.15 and in table 4.5. 

 

4.3.2. Negative ionisation analysis 

From the data analysis of IM-QTOF-LC/MS and LC/MS QTOF data acquired in 

negative ionisation mode 1688 and 605 mass spectral features were selected and 

undertaken for the statistical analysis, respectively. The chemical composition analysis 

by exact mass searches, indicated that the lipid fraction was composed of free fatty 

acids, phosphatidylserines, bile acid diacylglycerols and eicosanoids. Chromatogram 

examples from the IM-QTOF-LC/MS analysis and LC/MS-QTOF analysis of plasma 

samples are reported in figures 4.16 and 4.17. PCA of the IM-QTOF-LC/MS data gave 

model statistics of R2X=0.5 and Q2=0.4 and for the LC/MS-QTOF analysis: R2X=0.82 

and Q2=0.60. Considering gender, age, BMI, therapies, state of disease and 

localization of inflammation no clusters were indicated in either of the analysises. 

DmodX and Hotelling’s T2 analysis showed 3 outliers only for the LC/MS QTOF 

analysis which were subsequently excluded. OPLS-DA analysis displayed a clear 

separation between healthy subjects and both pathological classes. All the validation 

results and the differences between the two instrumental analyses are shown in table 

4.4. OPLS-DA from the LC/MS-QTOF data comparing between CD and healthy 

patients showed a R2Y and Q2 of 0.7 and 0.5, respectively. The permutation test was 

verified and the Q2 resulted of -0.19 highlighting a very powerful prediction power. 

The separation between UC and healthy patients reported R2Y and Q2 of 0.7 and 0.5, 

respectively. The permutation test was verified and the Q2 resulted of -0.11 

highlighting a very powerful classification. The comparison between the two 

pathological classes did not show a good separation. From the IM-QTOF-LC/MS the 

OPLS-DA between CD and healthy patients and UC vs healthy patients the analysis 

suggested good classificatory powers (table 4.4). Unfortunately, permutation tests 

suggested these models were over fitted. For this reason, to deeply investigate the 

predictability of the model a manually cross-validation analysis was set up using two-

thirds of the total number of samples to train the model and use one-third as a set test. 

76% of samples were classified correctly. Results of the OPLSDA are showed as 
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scores plot and permutation test in figures 4.18 and 4.19. From the coefficient analysis 

and the loadings plot analysis, and after verifying the significance of the metabolites 

by the Mann Whitney test, ten metabolites were interpreted to be different between 

CD patients and healthy controls and for UC patients and healthy controls. Using co-

chromatography identification, after MS/MS fragmentation and consulting the Metlin 

and Lipidomics libraries, several discriminant metabolites were identified. PC 

18:1/18:2, PC 16:0/22:6 and PC 18:0/18:2 were decreased on CD samples, while free 

fatty acid such as oleic acid, linoleic acid, palmitic acid and palmitoleic acid were 

increased in CD and UC samples. Only PC 18:1/18:2 was found decreased in UC 

samples.  All the discriminant metabolites are reported in figures 4.20 and 4.21 and in 

table 4.6. 

 

4.3.3. Lipid class analysis of plasma samples 

To more deeply investigate the plasma lipid profile of the IBD patients and to describe 

possible variations among the different lipid categories in IBD and healthy samples, 

33 samples were subjected to differential solid phase extractions and the resulting 

fractions were analysed by IM-QTOF-LC/MS. The extraction resulted in three 

different lipid profiles: a phospholipid profile, a neutral lipid profile, and a free fatty 

acids profile (Figure 4.22).  

 

4.3.3.1. Phospholipid fraction analysis 

Analysis of the phospholipid fraction revealed over 262 mass spectral features. These 

were analysed using the Metlin and and lipid maps databases and included 44 PC, 20 

SM, 16 Cer, 15 DAG and 11 LysoPC. The intensities of all compounds in each lipid 

class were summed. Next, total lipids in each class were compared across the different 

groups (CD, UC C) using one way ANOVA test. Results were adjusted for multiple 

testing using a Bonferroni’s correction.  

Several significant differences were observed. The glycerophospholipids were found 

to be increased in UC samples when compared with CD samples. On the other hand, 

unsaturated LysoPC were decreased in CD. Saturated DG were increased in CD. 

(Figure 4.23). 
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To confirm these changes and to find more discriminant metabolites for these classes, 

a multivariate data statistical analysis was carried out. PCA analysis didn’t showed 

any outliers or clusters, while R2X and Q2 for the first two principal components were 

0.5 and 0.3 respectively. Three discriminant analyses were performed: UC vs C 

samples, CD vs C samples and UC vs CD samples. The two discriminant analysis 

regarding the classification between disease classes versus the control samples 

reported the same results of the all ion analysis and the same discriminant metabolites 

(data not showed). On the other hand, the discriminant analysis between CD vs UC for 

the first time reported good validation parameters as follows: R2Y=0.7 Q2=0.3 and Q2 

of permutation test=-0.07. After the variable analysis and after the Mann-Whitney test, 

twelve metabolites were identified as increased for UC samples and only one was 

increased in CD samples. For the UC classes the identified compounds were 

PC16:1/16:0, PC 16:0/18:1, PC 16:0/18:2, PC 16:0/20:3, PC 16:0/22:5, PC 18:0/18:1, 

PC 18:0/18:2, PC 18:0/20:3 and PC 18:1/18:1. Discriminant compounds are reported 

in tables 3.4 and 4.7. 

 

4.3.3.2. Neutral lipid fraction analysis 

The neutral lipid fraction was composed of 249 mass spectral features. These were 

identified by lipid maps and XCMS annotation and included 98 TG, 27 DAG, 16 Cer, 

9 CE and 8 SM lipids. Compounds were treated as explained above for the 

phospholipids analysis. In this case, the only category that was found significantly 

changed was the CE category. These compounds level were found increased in UC 

compared to CD (Figure 4.24). 

 

4.3.3.3. Free Fatty acids fraction analysis 

The free fatty acid fraction was composed of 138 spectral features which subsequently 

identified 43 free fatty acids or related structures. The areas of all the fatty acids were 

summed for each sample. After that, samples were submitted to a one way ANOVA 

test, taking in consideration all of the 3 classes of samples: CD, UC and C samples. 

All the comparisons were subjected to the Bonferroni correction. Results showed a 

significant increase in fatty acid in CD compare to controls. Fatty acids were then 

divided into two different categories based on their level of saturation: saturated fatty 

acids and unsaturated. These two categories were treated similarly to the previous 
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analysis.  The analysis of unsaturated lipids showed a significant separation between 

CD and C samples, with an increase being detected in the CD group. A separation 

between monounsaturated and polyunsaturated fatty acids was achieved and both 

analyses demonstrated a significant increase of the fatty acids in the IBD samples. On 

the other hand, saturated fatty acids didn’t show significant changes (Figure 4.25). 

 

4.4. Polar metabolite profile of plasma samples 

Using LC/MSMS QqQ, 55 polar compounds from 166 plasma samples were measured 

(Figure 4.26 and table3.2) and their area ratios, was calculated by dividing the detected 

area of the most abundant fragment by that of the related internal standard. Group 

means for the area ratios were compared using the Mann Whitney U test. Overall, 16 

and 21 compounds were found to be statistically significantly changed in CD and UC, 

respectively, when compared with the control group. β-amino isobutyric acid, α-

hydroxy butyric acid, histidine, creatine, isocitric acid and citric acid levels were 

increased in CD samples, while alanine, betaine, citrulline, threonine, hydroxyproline, 

proline, valine, methionine, tyrosine, methionine sulfoxide where decreased in CD. 

For the UC class cysteine, β-amino isobutyryc acid, AMP, α-hydroxybutyric, c AMP, 

creatine, isocitric acid, GMP, citric acid, uridine, GABA, β-hydroxy isovaleric acid 

and ketoleucine were increases while, arginine, alanine, betaine, citrulline, threonine, 

proline, methionine, tyrosine and tryptophan were decreased. (Figures 4.27 and 4.28) 

(table 4.8). 
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5. DISCUSSION 
In this project, to improve the understandings of IBD pathogenesis, a metabolomics 

approach was performed. Several compounds were found discriminant comparing 

both UC and CD pathologies with healthy individuals in faecal and plasma samples. 

Numerous compounds were found discriminant and linked with different metabolic 

pathways. 

 

5.1. Faecal samples  

Increased levels of DAG were found in both pathological classes. DAG are a lipid 

category derived from glycerol. Their chemical structure is composed by two fatty 

acids both bounded with glycerol through an ester bond. They also, are associated in 

the biosynthesis and degradation of triglycerides, glycerol phospholipids and glycerol 

glycolipids (157). Moreover, their accumulation in the human cells may effect changes 

in the physical membrane properties (157). In addition, they act as second messengers 

in cell signalling like in the activation of the mitogen-activated protein kinase (MAPK) 

(158). The MAPK is a heterogeneous group of enzymes responsible for 

phosphorylating serine and threonine amino acids in many proteins (158). 

Phosphorylation of a specific amino acid sequence, which is specific for each MAPK, 

is required for their full activation. MAPKs activation causes a cascade of extracellular 

stimuli that initiate inflammation, including production of pro-inflammatory cytokines 

(e.g. TNF-α, IL-1, IL-2 and IL-6) (159). Furthermore, these proteins are involved in 

mediating several hormonal, mitogen, and tumour promoting signals in cells (160). 

Among these proteins, the kinase C (PKC) plays very crucial roles in many aspects of 

several pathogenesis like IBD, taking part in physiological and pathological processes 

such as development, inflammation i.e. intestinal inflammation and tumorigenesis 

(161). DAG are involved in the activation of the protein kinase (PK) family. 

Specifically, the classical (cPKCα, β and γ) and novel (nPKCδ, ϵ, η and θ) PKC 

isotypes display a physiological and specific requirement of DAG to express their 

activity. The mechanism of this pathway has been described in many cell types, and 

numerous reviews have confirmed this hypothesis (161). The inflammatory response 

implication in IBD pathogenesis is also confirmed by the asymmetric dimethyl 

arginine (ADMA) levels that, in this thesis, were found increased in the pathological 

samples. High levels of ADMA have been previously associated with biomarkers of 
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inflammation, like TNF-α and IL-8, in a variety of chronic conditions like IBD (162, 

163). Furthermore, in previous studies, it was demonstrated that DAG are produced 

even by intestinal microflora. (164). In fact, Morotomi et al. showed that the incubation 

of bacterial, obtained by normal human faeces, with 14Clabeled phosphatidylcholine 

cause the production of diacylglycerols, monoacylglycerols, and free fatty acids in 

faecal samples (164). Correlations with the changes in the intestinal microflora are 

highlighted even by the increased levels of cysteine and methionine in CD and UC. 

Methionine together with cysteine are two sulfur-containing proteinogenic amino 

acids. Methionine is an essential amino acid while cysteine is semi-essential due to its 

production in the human being from the same methionine (165). Sulphur amino acids 

in human being maintain and support immune function modulating the actions of 

oxidant stress and related reactive oxygen species caused by bacteria infections or 

environment factors (166). Furthermore, in vitro experiment highlighted that a 

consumption of methionine causes an increase of plasma homocysteine concentration 

stimulating inflammatory events (167). Morgan et al., have also found increased levels 

of methionine and cysteine in CD indicating an activation of the further mechanism of 

maintaining redox homeostasis caused by a microbiome dysfunction (168).  

Elevated levels of DAG can also be correlated with the decreased levels of PC found 

in UC and CD patients when compared with C samples. PC is a class of phospholipids 

derived from DAG that incorporates choline as a head group (169). They are a major 

component of biological membranes (170) also playing a role in membrane-mediated 

cell signalling and in the activation of other enzymes (171). Schneider et al. found that 

mucus from UC patients had a decreased phosphatidylcholine content, while clinical 

trials discovered that therapeutic addition of phosphatidylcholine to the colonic mucus 

alleviates the inflammatory activity (171). It has been known that several pathologies 

such as IBD and tumours are correlated to the phospholipid pathway (172). 

Epidemiological and experimental studies had already suggested how high fat diets 

could increase the risk of cancer of the colon (173). Remarkable is the use of the 

phospholipase A2 (PLA2) to achieve these goals (174, 175). Phospholipase is a group 

of enzymes that hydrolyses phospholipids into fatty acids and other lipophilic 

substances. There are four major classes called A, B, C and D that use different 

pathways to catalyse their reaction (174). PLA2 releases fatty acids from the 

phospholipids second carbon group of glycerol releasing arachidonic acid and 
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lysophosphatidic acid. Later, arachidonic acid is modified into active anti-

inflammatory and inflammatory mediators called eicosanoids (174). Cytosolic PLA2 

is activated by low concentrations of Ca2+. After the activation, the lipase is transferred 

from the cytosol to the cell membrane to initialise the arachidonic acid cascade (175). 

A modification of the PLA2 activity can cause a change in the phosphatidylcholine 

synthesis or in the degradation pathway. The synthesis of phosphatidylcholine starts 

from the uridine. This pyrimidine is converted to cytidine triphosphate (CTP) and 

reacts with PC to form cytidine diphosphate (CDP)-choline (176). CDP-choline and 

DAG then form PC by a CDP-choline: diacylglycerol phosphocholine transferase 

(177).  Changes of several metabolites implicated in the PC synthesis have been 

observed in our samples: in fact, DAG levels were found increased in both CD and 

UC when compared with C while PC were found decreased. This can suggest a 

variation in the CDP-choline: diacylglycerol, phosphocholine- transferase step. 

Furthermore, no variations have been found in the IBD uridine and choline levels 

suggesting that the previous enzymatic steps of the phosphocholine synthesis did not 

reported any change. Certainly, further enzymatic studies are needed to understand 

variations in the CDP-choline: diacylglycerol phosphocholine transferase activity. 

Urobilinogen was found decreased in both IBD classes, while urobilin only in CD 

samples. Urobilinogen and urobilin are open tetrapyrrole compounds formed from 

bilirubin by gut microorganisms present in the distal part of the small and large 

intestines. These compounds are excreted with the urines and faeces. A small fraction 

of urobilinogen is reabsorbed from the gut and re-excreted predominantly by the liver. 

In the presence of excessive bile pigment formation or liver disease, urobilinogen is 

also excreted by the kidney (178). Intestinal bacterial action on deconjugation of 

conjugated bilirubin and reduction of unconjugated bilirubin has been shown to be 

decreased due to a modification of gut microflora in cirrhosis, which may cause a 

further decrease in faecal urobilinoids (179,180). This decrease confirmed what 

Midtvedt et al. have already noted (181). In fact, CD patients showed a significantly 

lower conversion rate of urobilin as compared to the controls in faecal samples (181). 

Our results might indicate altered entero-metabolic functions in CD patients (181). 

Furthermore, urobilinogen and urobilin were strongly correlated with Oscillospiraea 

bacteria species (Figure 4.5 and 4.6), one of the most discriminant bacteria found in 
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the microbiome analysis in the IBD cohort (156). This correlation confirms the 

connection between microbiome variation and the bilirubin metabolic pathway.  

It has been noted that the endocannabinoid system can affect the intestinal motility 

acting into different metabolic pathways. For example, this is involved in the 

regulation of numerous gastrointestinal functions including gut homeostasis, 

modulating gastrointestinal motility, visceral sensation, and inflammation, as well as 

being recently implicated in IBD pathogenesis. (182,183). Increased levels of NAPE 

18:1/16:1/18:0 in UC patients can suggest a modification of this pathway. N-

acylphosphatidylethanolamines (NAPEs) are synthesized in the small intestine in 

response to feeding and reduce food intake and obesity (184). These are precursors to 

the N-acylethanolamide (NAE), family of potent anorexigenic lipids. After their 

synthesis, NAPEs are converted to the active NAEs. NAPE are converted also into 

phosphatidic acid and anandamide by N-acylphosphatidylethanolamine-hydrolysing 

phospholipase D (NAPE-PLD) enzyme. Anandamide and 2-arachidonoylglycerol are 

endogenous bioactive lipids that bind and activate the cannabinoid receptors, and 

together with the enzymes responsible for their biosynthesis and degradation (fatty 

acid amide hydrolase and monoacylglycerol lipase) constitute the endocannabinoid 

system (185). Levels of anandamide and its synthesizing enzyme (N-acyl 

phosphatidylethanolamine phospholipase D) were decreased in biopsies of patients 

with ulcerative colitis. (186). The increased levels of the NAPE 18:1/16:1/18:0 can 

suggest a modification of the NAPE-PLD activity.  

 

5.2. Plasma samples 

The second part of this project was based on an investigation of predictive biomarkers 

for the diagnosis of CD and UC in plasma samples and possible peculiarities that can 

distinguish between CD and UC. All the analyses reported a clear classification 

between the two typologies of disease when compared with healthy samples. In the 

positive ion mode decreased levels of LysoPC 18:0, 18:1 and 18:2 were observed in 

IBD samples. LysoPC is a group of lipids derived by the partial hydrolysis of PC 

through the action of the PLA2 that removes one of the two fatty acid groups. As 

already reported in the previous paragraph (paragraph 5.1.), the PLA2 represents a 

category of enzymes that releases fatty acids from the second carbon group of glycerol 

with the aim to produce eicosanoids starting from the arachidonic acid (187). PLA2 
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has been reported several times as an important enzyme that helps different 

inflammatory processes like the IBD pathogenesis (188).  Recently, Peterson et al. 

found an increased localization of the activator antigen of PLA2 in the monocytes and 

granulocytes of IBD intestinal sections (189). In this thesis, a modification of the PLA2 

metabolic pathway was found in IBD faecal samples (paragraph 5.1). These results 

suggested a variation of PLA2 activity in the mucosal tissues. The decrease of LysoPC 

in IBD samples can confirm this variation. Moreover, in the LC/MS negative 

ionisation analysis, levels of several free fatty acid were found increased in IBD. These 

can suggest an increase of the PLA2 enzymatic activity. Also, Ehehalt et al., in 2004 

showed a significantly decrease of PC and LysoPC in inactivating the rectal mucus of 

ulcerative colitis patients when compared to CD and healthy samples (190). The most 

abundant species found in the Ehehalt work were PC 16:0/18:1, PC 16:0/18:2, PC 

18:0/18:1, PC 18:0/18:2, LysoPC 16:0 and LysoPC 18:0 (190). These results are in 

accordance with our results, showing the variation of LysoPC and PC groups. In fact, 

in the C vs CD and the C vs UC discriminant analyses, LysoPC and PC were the most 

discriminant compounds. LysoPC18:0, LysoPC18:1, LysoPC18:2, PC18:2/18:2, 

PC18:1/18:0 and PC18:1/18:1 were decreased in pathological samples, while 

PC16:0/22:6, PC18:0/22:6 and PC16:0/20:4 were increased in CD and UC.  The 

increased levels of those PCs that contain docosahexaenoic acid and the arachidonic 

acid as fatty acids, suggest a requirement from the metabolic system of fatty acid 

implicated in the inflammatory response. This hypothesis strengthens the fact that 

several FA like 18:2, 18:3, 20:3 20:4 22:4, 22:5 and 22:6, already known as implicated 

in the arachidonic acid cascade (191), were found increased in our pathological 

samples. Furthermore, in the targeted analysis of the polar metabolite profile of 

plasma, levels of cyclic adenosine monophosphate cAMP were found increased in UC. 

Moore et al. described how the production of cAMP in leucocytes is due to 3- 

adrenergic catecholamines, histamine and the E serie prostaglandins by a receptor 

coupled activation of adenylate cyclase (192). Several in vitro studies reported that the 

agents that increase cAMP level were implicated in the reduction of several 

inflammatory metabolic pathway as release of histamine or leukotrienes or the 

proliferation of lymphocytes (193,194).  
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Decreased levels of PC can suggest a damage of the intestinal mucosa organization. It 

is already known as a change of the intestinal endothelium increase the bacteria 

permeability (195).  

From the aqueous fraction, we found a remarkable decrease of amino acid levels in 

IBD patients like, alanine, betaine, citrulline, threonine, hydroxyl-proline, proline, 

valine, methionine, tyrosine, tryptophan and methionine sulfoxide. This result confirm 

what Hisamatsu et al. had already reported. In fact, the author observed significant 

alterations in the plasma amino acid composition suggesting the use of their model as 

a diagnostic approach for IBD (196). In addition, dietary protein and amino acid 

supplementation in the IBD colonic mucosa, afflicted by changes in the microbiota, it 

has been already suggested as a therapy for the IBD (197). The effects of production 

of amino acids by microbes on whole-body fluxes and human health are still under 

examination. Up to now, it is noticeable that the amino acids production by bacteria 

could lead to pathological conditions as type 2 diabetes where systemic concentrations 

of amino acids have been found elevated (198). The amino acid variation in the IBD 

samples can suggest a remarkable mucosa damage due to microbiota changes. For 

example, decreased plasma levels of citrulline correspond to severe and extensive 

mucosal barrier injury of the small intestine (199).  

 

5.2.3. Overview of IBD plasma lipidomic profile. 

In the previous plasma analysis discrimination between the pathological classes were 

not observed. The aim of this analysis was to investigate possible differences between 

CD and UC. This result can be caused by a strong variability of samples intra-classes.  

For this reason, with the aim to reduce the intra-class variability only samples in a 

selected range of age, gender, BMI and therapy were chosen. To investigate the lipid 

samples profile of IBD cohort a SPE method was used. Several lipid categories were 

identified and some of them resulted altered in the different sample classes. Among 

the phospholipid fraction, the glycerol phospholipids levels were found increased in 

UC when compared to CD. Saturated diacylglycerols were decreased in UC when 

compared to CD. From the neutral fraction, the cholesteryl esters were found strongly 

upregulated in UC when compared to CD. These variations, found between CD and 

UC, suggest that in a wide human being cohort metabolomics study, information can 

be hidden due to the large variability between patients. Among these findings, 



53 
 

variations in the cholesteryl esters levels can suggest an implication of the lipoprotein 

system. Changes in the lipoprotein levels are strictly correlated to the patients BMI 

(200). Reducing the BMI range helped to clarify these observations. Byyany et al., in 

a lipoprotein profile comparison between IBD patients and the National Health and 

Nutrition Examination patients found lower total cholesterol and high density 

lipoprotein cholesterol levels in IBD while higher low density lipoprotein cholesterol 

levels (199). Hypocholesterolaemia is a common symptom in patients with various 

types of acute disease, including surgery, trauma, burn injury and sepsis (201) and this 

variation can be caused by the chemokine action (202). Chemokines are chemotactic 

cytokines that stimulate the leukocytes migration to areas of inflammation and lead 

cell activation events (203).  It has been noticed that the local inflammation and tissue 

damage in UC and CD is caused by a local expression of specific chemokines in IBD 

tissues (203). Further experiments are recommended to understand why the levels of 

cholesteryl esters were strongly higher in UC when compared with CD as the same for 

glycerol phospholipids and DAG that were found also variated. Regarding the fatty 

acid fraction, no variation between CD and UC were highlighted. However, a strong 

increase of monounsaturated and polyunsaturated fatty acid was found in both CD an 

UC when compared to healthy samples. These results agree with the central role of the 

arachidonic acid pathway in the activation of inflammatory responses.  
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6. CONCLUSIONS 
The aim of this PhD thesis was to characterise lipid and polar profiles of IBD with the 

use of different mass spectrometric platforms. The study was based on the 

investigation of predictive biomarkers for the diagnosis of CD and UC and possible 

peculiarities able to distinguish between CD and UC. IBD patients and C stool and 

plasma samples were analysed, and several compounds were recognized as 

discriminant for IBD samples.  

From the statistical analysis of stool samples, the comparison between IBD vs C 

showed good classificatory and predictive powers while those of CD vs UC didn’t 

reported good classificatory powers. Several metabolites were found discriminants for 

the pathological classes and were correlated with different metabolic pathways. 

Decreased levels of urobilin and uribilinogen in IBD samples suggested a variation of 

the bilirubin metabolic pathway and further correlation was found when the tetra 

pyrrole compounds where correlated with the most discriminant bacteria from the 

microbiological analysis, highlighting an implication of the gut microbiome in the IBD 

pathogenesis. Increased levels of NAPE in IBD samples were also found, indicating a 

modification in the endocannabinoid system. Increased levels of several DAG and 

decrease levels of PC in IBD samples suggest a correlation with the PKC and 

phospholipase A2 pathways, highlighting an inflammatory response and resulting as 

products from the variation of the intestinal mucosa permeability. These results were 

confirmed with the variation of several amino acids in the IBD samples. In fact, 

methionine, cysteine and asymmetric dimethyl arginine levels were found increased 

in IBD samples.  

Statistical analysis of plasma samples showed good classificatory and predictive 

powers when IBD were compared with C samples. The discriminant compounds such 

as PC, LysoPC and Fatty acids showed a modification in the phospholipase A2 

pathway reminding to inflammatory response implication. In addition, a variation of 

cAMP and several amino acids levels like citrulline suggested and confirmed what 

previously reported for the faecal samples analysis: a correlation with the intestinal 

mucosa damage. Comparison between CD and UC did not show good classificatory 

power. No discriminant metabolites between CD and UC resulted in both faecal and 
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plasma analysis. These results were linked to the strong variability intra-class of 

samples. To avoid this problem and to deeply investigate possible differences between 

CD and UC a SPE method of 30 samples, chosen based on similar age, gender and 

BMI was studied.  

The SPE fraction analysis of IBD samples reported difference comparing UC vs CD 

and the disease vs healthy samples. Cholesteryl esters levels resulted increased in UC 

when compared with CD suggesting an implication of the lipoproteins and chemokines 

pathways. Unsaturated fatty acid levels resulted increased in IBD samples when 

compared with C confirming the implication of the arachidonic acid pathway in the 

activation of inflammatory responses.  

In conclusion, the metabolomics study based on the analysis of both polar and lipid 

metabolite profiles though the use of LC/MS/MS and IM platforms can be considered 

a valuable tool for the IBD pathogenesis investigation. Further studies are strongly 

recommended to understand the two most important related metabolic pathways found 

in this PhD thesis: the inflammatory response and the mucosa damage. 

 

 

 

 

 

  



56 
 

7. REFERENCES 

 

1. Baumgart, D. C., & Carding, S. R. 2007. Inflammatory bowel disease: cause 

and immunobiology. The Lancet, 369 (9573), 1627-1640. 

2. Kaser A., Zeissig S., and Blumberg R.S. 2010. Inflammatory Bowel Disease. 

Annu. Rev. Immunol. 28:573–621 

3. Kumar, P. & Clark M. L., Kumar and Clark's Clinical Medicine. (2016) 9th 

Edition, Elsevier, chapter 6: 309-319.  

4. Xavier, R. J., and Podolsky, D. K. 2007. Unravelling the pathogenesis of 

inflammatory bowel disease. Nature, 448 (7152), 427-434. 

5. Fegiz, G., Marrano, D., & Ruberti, U. (1996). Manuale di chirurgia 

generale.Volume, 1, 58-66. 

6. Fielding, J. F. (1988). Crohn's Disease and Dalziel's Syndrome: A History. 

Journal of clinical gastroenterology, 10 (3), 279-285. 

7. Kirsner, J. B. 2001. Historical origins of current IBD concepts. World journal 

of gastroenterology, 7 (2), 175-184. 

8. Mulder, D. J., Noble, A. J., Justinich, C. J., & Duffin, J. M. (2014). A tale of 

two diseases: the history of inflammatory bowel disease. Journal of Crohn's 

and Colitis, 8(5), 341-348. 

9. Baillie M. 1793. The morbid anatomy of some of the most important parts of 

the human body. Printed for J. Johnson and G. Nicol, London. 

10. Combe, C., & Saunders, W. 1813. A singular case of stricture and thickening 

of the ileum. Med. Transactions, 4, 16-21. 

11. Abercrombie, J. 1830. Pathological and practical researches on diseases of the 

stomach, the intestinal canal, the liver, and other viscera of the abdomen. 

Waugh and Innes. 

12. Colles A. 1830. Practical observations upon certain diseases of intestines, 

colon and rectum. Dublin Hosp Reports. 5:131. 

13. Dalziel TK. 1913 Chronic interstitial enteritis. Br Med J. 2:1068. 

14. Coffen TH. 1925. Nonspecific granuloma of the intestine causing intestinal 

obstruction. JAMA. 35:1303. 

15. Nuboer F.J. 1932. Chronische phlegmone van het ileum. Med J Geneesk. 

76:2989.  



57 
 

16. Golob M. 1932. Infectious granuloma of the intestines. Med J Record. 135:390  

17. Bissell, A.D. 1934. Localized chronic ulcerative ileitis. Ann Surg. 99:957 

18. Crohn, B.B., and Rosenak B.D. 1936. A combined form of ileitis and colitis. 

JAMA.106:1. 

19. Lockhart, Mummery, H.E., Morson, B.C. Crohn’s disease (regional enteritis) 

of the large intestine and its distinction from ulcerative colitis. Gut, 1960;1:87 

20. Cosnes, J., Gower–Rousseau, C., Seksik, P., & Cortot, A. (2011). 

Epidemiology and natural history of inflammatory bowel diseases. 

Gastroenterology, 140(6), 1785-1794. 

21. Gunesh, S., Thomas, G. A. O., Williams, G. T., Roberts, A., & Hawthorne, A. 

B. (2008). The incidence of Crohn’s disease in Cardiff over the last 75 years: 

an update for 1996–2005. Alimentary pharmacology & therapeutics, 27(3), 

211-219. 

22. Molodecky, N. A., Soon, S., Rabi, D. M., Ghali, W. A., Ferris, M., Chernoff, 

G., & Kaplan, G. G. (2012). Increasing incidence and prevalence of the 

inflammatory bowel diseases with time, based on systematic 

review.Gastroenterology, 142(1), 46-54. 

23. Bernstein, C. N., Rawsthorne, P., Cheang, M., & Blanchard, J. F. (2006). A 

population-based case control study of potential risk factors for IBD. The 

American journal of gastroenterology, 101(5), 993-1002. 

24. Loftus, E. V., Silverstein, M. D., Sandborn, W. J., Tremaine, W. J., Harmsen, 

W. S., & Zinsmeister, A. R. (2000). Ulcerative colitis in Olmsted County, 

Minnesota, 1940–1993: incidence, prevalence, and survival. Gut, 46(3), 336-

343. 

25. Halme, L., Paavola-Sakki, P., Turunen, U., Lappalainen, M., Farkkila, M., & 

Kontula, K. (2006). Family and twin studies in inflammatory bowel disease. 

World journal of gastroenterology, 12(23), 3668. 

26. Jostins, L., Ripke, S., Weersma, R. K., Duerr, R. H., McGovern, D. P., Hui, K. 

Y., ... & Essers, J. (2012). Host-microbe interactions have shaped the genetic 

architecture of inflammatory bowel disease. Nature, 491(7422), 119-124. 

27. Khor, B., Gardet, A., & Xavier, R. J. (2011). Genetics and pathogenesis of 

inflammatory bowel disease. Nature, 474(7351), 307-317. 



58 
 

28. Gevers, D., Kugathasan, S., Denson, L. A., Vázquez-Baeza, Y., Van Treuren, 

W., Ren, B., ... & Morgan, X. C. (2014). The treatment-naive microbiome in 

new-onset Crohn’s disease. Cell host & microbe, 15(3), 382-392. 

29. Manichanh, C., Borruel, N., Casellas, F., & Guarner, F. (2012). The gut 

microbiota in IBD. Nature Reviews Gastroenterology and Hepatology, 9(10), 

599-608. 

30. Harries, A. D., Baird, A., & Rhodes, J. (1982). Non-smoking: a feature of 

ulcerative colitis. British medical journal (Clinical research ed.), 284(6317), 

706. 

31. Andersson, R. E., Olaison, G., Tysk, C., & Ekbom, A. (2001). Appendectomy 

and protection against ulcerative colitis. New England Journal of Medicine, 

344(11), 808-814. 

32. Bonaz, B. L. & Bernstein, C. N. Brain–gut interactions in inflammatory bowel 

disease. Gastroenterology 144, 36–49 (2013). 

33. Amre, D. K., D'souza, S., Morgan, K., Seidman, G., Lambrette, P., Grimard, 

G., ... & Chotard, V. (2007). Imbalances in dietary consumption of fatty acids, 

vegetables, and fruits are associated with risk for Crohn's disease in children. 

The American journal of gastroenterology, 102(9), 2016-2025. 

34. Cantorna, M. T., & Mahon, B. D. (2004). Mounting evidence for vitamin D as 

an environmental factor affecting autoimmune disease prevalence. 

Experimental biology and medicine, 229(11), 1136-1142. 

35. El-Tawil, A. M. Zinc supplementation tightens leaky gut in Crohn’s disease. 

Inflamm. Bowel Dis. 18, E399 (2012). 

36. Carrier, J. et al. Effect of oral iron supplementation on oxidative stress and 

colonic inflammation in rats with induced colitis. Aliment. Pharmacol. Ther. 

15, 1989–1999 (2001). 

37. Dalziel T. Chronic interstitial enteritis. Br Med J. 1913;2:1068. 

38. Dragstedt L, Dack G, Kirsner J. A summary of evidence implicating bacterium 

necrophorum as an etiologic agent. Ann Surg. 1941;88:653–662. 

39. Wakefield, A. J., Ekbom, A., Dhillon, A. P., Pittilo, R. M., & Pounder, R. E. 

(1995). Crohn's disease: pathogenesis and persistent measles virus infection. 

Gastroenterology, 108(3), 911-916. 



59 
 

40. Feeney, M., Clegg, A., Winwood, P., & Snook, J. (1997). A case-control study 

of measles vaccination and inflammatory bowel disease. The Lancet, 

350(9080), 764-766. 

41. Aronowitz R, Spiro HM. The rise and fall of the psychosomatic hypothesis in 

ulcerative colitis. J Clin Gastroenterol. 1988;10:298–305. 

42. Rigas, A., Rigas, B., Glassman, M., Yen, Y. Y., Lan, S. J., Petridou, E., ... & 

Trichopoulos, D. (1993). Breast-feeding and maternal smoking in the aetiology 

of Crohn's disease and ulcerative colitis in childhood. Annals of epidemiology, 

3(4), 387-392. 

43. Persson PG, Ahlbom A, Hellers G. Diet and inflammatory bowel disease: a 

case-control study. Epidemiology. 1992;3:47–52. 

44. Roediger WE, Moore J, Babidge W. Colonic sulfide in pathogenesis and 

treatment of ulcerative colitis. Dig Dis Sci. 1997;42:1571–1579. 

45. Jowett SL, Seal CJ, Pearce MS, et al. Influence of dietary factors on the clinical 

course of ulcerative colitis: a prospective cohort study. Gut. 2004;53:1479–

1484. 

46. Sullivan SN. Hypothesis revisited: toothpaste and the cause of Crohn’s disease. 

Lancet. 1990;336:1096–1097. 

47. Korzenik JR, Dieckgraefe BK. Is Crohn’s disease an immunodeficiency? A 

hypothesis suggesting possible early events in the pathogenesis of Crohn’s 

disease. Dig Dis Sci. 2000;45:1121–1129. 

48. Weinstock JV, Summers RW, Elliott DE, et al. The possible link between de-

worming and the emergence of immunological disease. J Lab Clin Med. 

2002;139:334–338. 

49. Summers RW, Elliott DE, Qadir K, et al. Trichuris suis seems to be safe and 

possibly effective in the treatment of inflammatory bowel disease. Am J 

Gastroenterol. 2003;98:2034–2041. 

50. Tamboli CP, Neut C, Desreumaux P, et al. Dysbiosis in inflammatory bowel 

disease. Gut. 2004;53:1–4. 

51. Keighley MR, Arabi Y, Dimock F, et al. Influence of inflammatory bowel 

disease on intestinal microflora. Gut 1978;19:1099–104. 

52. Gibson GR. Dietary modulation of the human gut microflora using the 

prebiotics oligofructose and inulin. J Nutr 1999;129(suppl 7):1438S–41S. 



60 
 

53. Duchmann R, Marker-Hermann E, Meyer zum Buschenfelde KH. 

Bacteriaspecific T-cell clones are selective in their reactivity towards different 

enterobacteria or H. pylori and increased in inflammatory bowel disease. Scand 

J Immunol 1996;44:71–9. 

54. Ohkusa T, Sato N, Ogihara T, et al. Fusobacterium varium localized in the 

colonic mucosa of patients with ulcerative colitis stimulates species-specific 

antibody. J Gastroenterol Hepatol 2002;17:849–53. 

55. Jostins, L., Ripke, S., Weersma, R. K., Duerr, R. H., McGovern, D. P., Hui, K. 

Y., ... & Essers, J. (2012). Host-microbe interactions have shaped the genetic 

architecture of inflammatory bowel disease. Nature, 491(7422), 119-124. 

56. Cooney, R., Baker, J., Brain, O., Danis, B., Pichulik, T., Allan, P., ... & 

Simmons, A. (2010). NOD2 stimulation induces autophagy in dendritic cells 

influencing bacterial handling and antigen presentation. Nature medicine, 

16(1), 90-97. 

57. Shaw, M. H., Kamada, N., Warner, N., Kim, Y. G., & Nuñez, G. (2011). The 

ever-expanding function of NOD2: autophagy, viral recognition, and T cell 

activation. Trends in immunology, 32(2), 73-79. 

58. Rioux, J. D., Xavier, R. J., Taylor, K. D., Silverberg, M. S., Goyette, P., Huett, 

A., ... & Shugart, Y. Y. (2007). Genome-wide association study identifies new 

susceptibility loci for Crohn disease and implicates autophagy in disease 

pathogenesis. Nature genetics, 39(5), 596-604. 

59. McCarroll, S. A., Huett, A., Kuballa, P., Chilewski, S. D., Landry, A., Goyette, 

P., ... & Duerr, R. H. (2008). Deletion polymorphism upstream of IRGM 

associated with altered IRGM expression and Crohn's disease. Nature genetics, 

40(9), 1107-1112. 

60. Ohkusa T, Sato N, Ogihara T, et al. Fusobacterium varium localized in the 

colonic mucosa of patients with ulcerative colitis stimulates species-specific 

antibody. J Gastroenterol Hepatol 2002;17:849–53. 

61. McCarroll, S. A., Huett, A., Kuballa, P., Chilewski, S. D., Landry, A., Goyette, 

P., ... & Duerr, R. H. (2008). Deletion polymorphism upstream of IRGM 

associated with altered IRGM expression and Crohn's disease. Nature genetics, 

40(9), 1107-1112. 

62. Duerr, R. H., Taylor, K. D., Brant, S. R., Rioux, J. D., Silverberg, M. S., Daly, 

M. J., ... & Dassopoulos, T. (2006). A genome-wide association study 



61 
 

identifies IL23R as an inflammatory bowel disease gene. Science, 314(5804), 

1461-1463. 

63. Birrenbach, T., & Böcker, U. (2004). Inflammatory bowel disease and 

smoking. A review of epidemiology, pathophysiology, and therapeutic 

implications. Inflammatory bowel diseases, 10(6), 848-859. 

64. Leslie, W. D., Miller, N., Rogala, L., & Bernstein, C. N. (2008). Vitamin D 

status and bone density in recently diagnosed inflammatory bowel disease: the 

Manitoba IBD Cohort Study. The American journal of gastroenterology, 

103(6), 1451-1459. 

65. Ananthakrishnan, A. N., Higuchi, L. M., Huang, E. S., Khalili, H., Richter, J. 

M., Fuchs, C. S., & Chan, A. T. (2012). Aspirin, nonsteroidal anti-

inflammatory drug use, and risk for Crohn disease and ulcerative colitis: a 

cohort study. Annals of internal medicine, 156(5), 350-359. 

66. Camara, R. J., Schoepfer, A. M., Pittet, V., Begre, S., & von Känel, R. (2011). 

Mood and nonmood components of perceived stress and exacerbation of 

Crohn's disease. Inflammatory bowel diseases, 17(11), 2358-2365. 

67. Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., ... & 

Mende, D. R. (2010). A human gut microbial gene catalogue established by 

metagenomic sequencing. nature, 464(7285), 59-65. 

68. Joossens, M., Huys, G., Cnockaert, M., De Preter, V., Verbeke, K., Rutgeerts, 

P., ... & Vermeire, S. (2011). Dysbiosis of the faecal microbiota in patients 

with Crohn's disease and their unaffected relatives. Gut, 60(5), 631-637. 

69. Cobrin, G. M., & Abreu, M. T. (2005). Defects in mucosal immunity leading 

to Crohn's disease. Immunological reviews, 206(1), 277-295. 

70. Geremia, A., & Jewell, D. P. (2012). The IL-23/IL-17 pathway in 

inflammatory bowel disease. Expert review of gastroenterology & hepatology, 

6(2), 223-237. 

71. Marks, D. J., Harbord, M. W., MacAllister, R., Rahman, F. Z., Young, J., Al-

Lazikani, B., ... & Segal, A. W. (2006). Defective acute inflammation in 

Crohn's disease: a clinical investigation. The Lancet, 367(9511), 668-678. 

72. Zhang, Y. Z., & Li, Y. Y. (2014). Inflammatory bowel disease: pathogenesis. 

World J Gastroenterol, 20(1), 91-99. 

73. Rugarli, C., Nuti R., Caligaris Cappio F., Cantalamessa L., Cappelli G., 

Cappellini M. D., Cavallo Perin P., Corazza G. R., Craxì A., Crea F., Fabbri 



62 
 

L., Ferraccioli G., Giustina A., Lazzarin A., Stella A. P. Rugarli Medicina 

interna sistematica. Elsevier, (2010) 

74. Baumgart, D. C., & Sandborn, W. J. (2007). Inflammatory bowel disease: 

clinical aspects and established and evolving therapies. The Lancet, 369(9573), 

1641-1657. 

75. http://www.mayoclinic.org/diseases-conditions/inflammatory-bowel 

disease/basics/symptoms/con-20034908.  

76. Longmore, M., Wilkinson, I., Baldwin, A., & Wallin, E. (2014). Oxford 

handbook of clinical medicine. Oxford University Press. 

77. Guindi, M., & Riddell, R. H. (2004). Indeterminate colitis. Journal of clinical 

pathology, 57(12), 1233-1244. 

78. Turner, D., & Griffiths, A. M. (2007). Esophageal, gastric, and duodenal 

manifestations of IBD and the role of upper endoscopy in IBD diagnosis. 

Current gastroenterology reports, 9(6), 475-478. 

79. Barnes PJ, Karin M: Nuclear factor-B. A pivotal transcription factor in chronic 

inflammatory diseases. N Engl J Med, 1997, 336, 1066–1071. 

80. Pithadia, A. B., & Jain, S. (2011). Treatment of inflammatory bowel disease 

(IBD). Pharmacological Reports, 63(3), 629-642. 

81. Camma C, Giunta M, Rosselli M, Cottone M: Mesalamine in the maintenance 

treatment of Crohn’s disease, A meta-analysis adjusted for confounding 

variables. Gastroenterology, 1997, 113, 1465–1473. 

82. Aberra FN, Lewis JD, Hass D, Rombeau J, Osborne B, Lichtenstein G: 

Corticosteroids and immunomodulators, postoperative infectious complication 

risk in inflammatory bowel disease. Gastroenterology, 2003, 125, 320–327. 

83. Faubion WA Jr, Loftus EV, Harmsen WS, Zinmeister AR, Sandborn WJ: The 

natural history of corticosteroid therapy for inflammatory bowel disease, a 

populationbased study. Gastroenterology, 2001, 121, 255–260. 

84. Meyers S, Sachar DB: Medical therapy of Crohn’s disease. In: Inflammatory 

Bowel Disease. 4th edn., Eds. Kersnar JB, Shorter RG, Williams and Wilkins, 

Baltimore, 1995, 695–714. 

85. Lichtinger S, Present DH, Kornbluth A, Gelernt I, Bauer J, Galler G, 

Michelassi F, Hanauer S: Cyclosporine in severe ulcerative colitis refractory 

to steroid therapy. N Engl J Med, 1994, 330, 1841–1845. 



63 
 

86. Targan SR, Hanauer SB, van Deventer SJ, Mayer L, Present D, Braakman T, 

DeWoody K et al.: A short-term study of chimeric monoclonal antibody cA2 

to tumor necrosis factor for Crohn’s disease. New Eng J Med, 1997, 337, 1029–

1035. 

87. Panaccione R, Colombel JF, Sandborn WJ, Rutgeerts P, D’Haens GR, 

Robinsonn AM, Chao J et al: Adalimumab sustains clinical remission and 

overall clinical benefit after 2 years of therapy for Crohn’s disease. Aliment 

Pharmacol Ther, 2010, 31, 1296–1309. 

88. Sandborn WJ, Feagan BG, Stoinov S, Honiball PJ, Rutgeerts P, Mason D, 

Bloomfield R, Schreiber S: Certolizumab pegol for the treatment of Crohn’s 

disease. N Engl J Med, 2007, 357, 228–238. 

89. Rutgeerts P, Hiele M, Geboes K, Peeters M, Penninckx F, Aerts R, Kerremans 

R: Controlled trial of metronidazole treatment for prevention of Crohn’s 

recurrence after ileal resection. Gastroenterology, 1995, 108, 1617–1621. 

90. Sartor RB: Current concepts of the aetiology and pathogenesis of ulcerative 

colitis and Crohn’s disease. Gastroenterol Clin North Am, 1995, 24, 475–485. 

91. Malolepszy, J., Kuczymska-Sekieta, K., & Chachaj, W. (1976). Intal (sodium 

cromoglycate) therapy in ulcerative colitis. Acta allergologica, 82-86. 

92. Ryder, S. D., Walker, R. J., Jones, H., & Rhodes, J. M. (1990). Rectal bismuth 

subsalicylate as therapy for ulcerative colitis. Alimentary pharmacology & 

therapeutics, 4(4), 333-338. 

93. Vasiliauskas, E. A., Kam, L. Y., Abreu-Martin, M. T., Hassard, P. V., 

Papadakis, K. A., Yang, H., ... & Targan, S. R. (1999). An open-label pilot 

study of low-dose thalidomide in chronically active, steroid-dependent Crohn's 

disease. Gastroenterology, 117(6), 1278-1287. 

94. Hawthorne, A. B., Daneshmend, T. K., Hawkey, C. J., Belluzzi, A., Everitt, S. 

J., Holmes, G. K., ... & Willars, J. E. (1992). Treatment of ulcerative colitis 

with fish oil supplementation: a prospective 12 month randomised controlled 

trial. Gut, 33(7), 922-928. 

95. Anderson, J. L., Edney, R. J., & Whelan, K. (2012). Systematic review: faecal 

microbiota transplantation in the management of inflammatory bowel disease. 

Alimentary pharmacology & therapeutics, 36(6), 503-516. 

96. Larson, D. W., & Pemberton, J. H. (2004). Current concepts and controversies 

in surgery for IBD. Gastroenterology, 126(6), 1611-1619. 



64 
 

97. Tanaka, K., & Isselbacher, K. J. (1967). The isolation and identification of N-

isovalerylglycine from urine of patients with isovaleric acidemia. Journal of 

Biological Chemistry, 242, 2966-2972. 

98. Fiehn, O. (2002). Metabolomics—the link between genotypes and phenotypes. 

In Functional Genomics (pp. 155-171).  

99.  Springer Netherlands.Nielsen, J., Villas‐Bôas, S. G., Roessner, U., Hansen, M. 

A., & Smedsgaard, J. (2007). Metabolomics in functional genomics and 

systems biology. Metabolome Analysis: An Introduction, 1-14. 

100.  Daviss, B. (2005). Growing pains for metabolomics: the newest'omic science 

is producing results--and more data than researchers know what to do with. 

The Scientist, 19(8), 25-29. 

101.  Dunn, W. B., Bailey, N. J., & Johnson, H. E. (2005). Measuring the 

metabolome: current analytical technologies. Analyst, 130(5), 606-625. 

102.  Murtagh, F., & Heck, A. (2012). Multivariate data analysis (Vol. 131). 

Springer Science & Business Media. 

103.  Storr, M., Vogel, H. J., & Schicho, R. (2013). Metabolomics: is it useful for 

IBD?. Current opinion in gastroenterology, 29(4), 378. 

104.  Lin, H. M., Helsby, N. A., Rowan, D. D., & Ferguson, L. R. (2011). Using 

metabolomic analysis to understand inflammatory bowel diseases. 

Inflammatory bowel diseases, 17(4), 1021-1029. 

105.  Murdoch, T. B., Fu, H., MacFarlane, S., Sydora, B. C., Fedorak, R. N., & 

Slupsky, C. M. (2008). Urinary metabolic profiles of inflammatory bowel 

disease in interleukin-10 gene-deficient mice. Analytical chemistry, 80(14), 

5524-5531. 

106. Baur, P., Martin, F. P., Gruber, L., Bosco, N., Brahmbhatt, V., Collino, S., ... 

& Tavazzi, I. (2011). Metabolic phenotyping of the Crohn's disease-like IBD 

etiopathology in the TNFΔARE/WT mouse model. Journal of proteome 

research, 10(12), 5523-5535. 

107. Schicho, R., Nazyrova, A., Shaykhutdinov, R., Duggan, G., Vogel, H. J., & 

Storr, M. (2010). Quantitative metabolomic profiling of serum and urine in DSS-

induced ulcerative colitis of mice by 1H NMR spectroscopy. Journal of 

proteome research, 9(12), 6265-6273. 



65 
 

108. Shiomi, Y., Nishiumi, S., Ooi, M., Hatano, N., Shinohara, M., Yoshie, T., ... & 

Azuma, T. (2011). GCMS‐based metabolomic study in mice with colitis induced 

by dextran sulfate sodium. Inflammatory bowel diseases, 17(11), 2261-2274. 

109. Lu, K., Knutson, C. G., Wishnok, J. S., Fox, J. G., & Tannenbaum, S. R. 

(2012). Serum metabolomics in a Helicobacter hepaticus mouse model of 

inflammatory bowel disease reveal important changes in the microbiome, serum 

peptides, and intermediary metabolism. Journal of proteome research, 11(10), 

4916-4926. 

110. Langhorst, J., Elsenbruch, S., Koelzer, J., Rueffer, A., Michalsen, A., & Dobos, 

G. J. (2008). Noninvasive markers in the assessment of intestinal inflammation 

in inflammatory bowel diseases: performance of faecal lactoferrin, calprotectin, 

and PMN-elastase, CRP, and clinical indices. The American journal of 

gastroenterology, 103(1), 162-169. 

111. van Schaik, F. D., Oldenburg, B., Hart, A. R., Siersema, P. D., Lindgren, S., 

Grip, O., ... & Carbonnel, F. (2013). Serological markers predict inflammatory 

bowel disease years before the diagnosis. Gut, 62(5), 683-688. 

112. Reese, G. E., Constantinides, V. A., Simillis, C., Darzi, A. W., Orchard, T. R., 

Fazio, V. W., & Tekkis, P. P. (2006). Diagnostic precision of anti-

Saccharomyces cerevisiae antibodies and perinuclear antineutrophil cytoplasmic 

antibodies in inflammatory bowel disease. The American journal of 

gastroenterology, 101(10), 2410-2422. 

113. Williams, H. R., Cox, I. J., Walker, D. G., North, B. V., Patel, V. M., Marshall, 

S. E., ... & Jakobovits, S. (2009). Characterization of inflammatory bowel 

disease with urinary metabolic profiling. The American journal of 

gastroenterology, 104(6), 1435-1444. 

114. Lenz, E. M., Bright, J., Wilson, I. D., Hughes, A., Morrisson, J., Lindberg, H., 

& Lockton, A. (2004). Metabonomics, dietary influences and cultural 

differences: a 1 H NMR-based study of urine samples obtained from healthy 

British and Swedish subjects. Journal of pharmaceutical and biomedical 

analysis, 36(4), 841-849. 

115. Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., & 

Pettersson, S. (2012). Host-gut microbiota metabolic interactions. Science, 

336(6086), 1262-1267. 



66 
 

116. Li, M., Wang, B., Zhang, M., Rantalainen, M., Wang, S., Zhou, H., ... & Wei, 

H. (2008). Symbiotic gut microbes modulate human metabolic phenotypes. 

Proceedings of the National Academy of Sciences, 105(6), 2117-2122. 

117. Connor, S. C., Wu, W., Sweatman, B. C., Manini, J., Haselden, J. N., Crowther, 

D. J., & Waterfield, C. J. (2004). Effects of feeding and body weight loss on the 

1H-NMR-based urine metabolic profiles of male Wistar Han rats: implications 

for biomarker discovery. Biomarkers, 9(2), 156-179. 

118. Schicho, R., Shaykhutdinov, R., Ngo, J., Nazyrova, A., Schneider, C., 

Panaccione, R., ... & Storr, M. (2012). Quantitative metabolomic profiling of 

serum, plasma, and urine by 1H NMR spectroscopy discriminates between 

patients with inflammatory bowel disease and healthy individuals. Journal of 

proteome research, 11(6), 3344-3357. 

119. Williams, H. R., Willsmore, J. D., Cox, I. J., Walker, D. G., Cobbold, J. F., 

Taylor-Robinson, S. D., & Orchard, T. R. (2012). Serum metabolic profiling in 

inflammatory bowel disease. Digestive diseases and sciences, 57(8), 2157-2165. 

120. Hisamatsu, T., Okamoto, S., Hashimoto, M., Muramatsu, T., Andou, A., Uo, 

M., ... & Kanai, T. (2012). Novel, objective, multivariate biomarkers composed 

of plasma amino acid profiles for the diagnosis and assessment of inflammatory 

bowel disease. PloS one, 7(1), e31131. 

121. Ooi, M., Nishiumi, S., Yoshie, T., Shiomi, Y., Kohashi, M., Fukunaga, K., ... 

& Irino, Y. (2011). GC/MS-based profiling of amino acids and TCA cycle-

related molecules in ulcerative colitis. Inflammation Research, 60(9), 831-840. 

122. Jansson, J., Willing, B., Lucio, M., Fekete, A., Dicksved, J., Halfvarson, J., ... 

& Schmitt-Kopplin, P. (2009). Metabolomics reveals metabolic biomarkers of 

Crohn's disease. PloS one, 4(7), e6386. 

123. Le Gall, G., Noor, S. O., Ridgway, K., Scovell, L., Jamieson, C., Johnson, I. 

T., ... & Narbad, A. (2011). Metabolomics of faecal extracts detects altered 

metabolic activity of gut microbiota in ulcerative colitis and irritable bowel 

syndrome. Journal of proteome research, 10(9), 4208-4218. 

124. Sharma, U., Singh, R. R., Ahuja, V., Makharia, G. K., & Jagannathan, N. R. 

(2010). Similarity in the metabolic profile in macroscopically involved and un-

involved colonic mucosa in patients with inflammatory bowel disease: an in 

vitro proton (1 H) MR spectroscopy study. Magnetic resonance imaging, 28(7), 

1022-1029. 



67 
 

125. Balasubramanian, K., Kumar, S., Singh, R. R., Sharma, U., Ahuja, V., 

Makharia, G. K., & Jagannathan, N. R. (2009). Metabolism of the colonic 

mucosa in patients with inflammatory bowel diseases: an in vitro proton 

magnetic resonance spectroscopy study. Magnetic resonance imaging, 27(1), 79-

86. 

126. Storr, M., Vogel, H. J., & Schicho, R. (2013). Metabolomics: is it useful for 

IBD?. Current opinion in gastroenterology, 29(4), 378. 

127. Fan, F., Mundra, P. A., Fang, L., Galvin, A., Moore, X. L., Weir, J. M., ... & 

Meikle, P. J. (2015). Lipidomic profiling in inflammatory bowel disease: 

comparison between ulcerative colitis and Crohn's disease. Inflammatory bowel 

diseases, 21(7), 1511-1518. 

128. Agouridis, A. P., Elisaf, M., & Milionis, H. J. (2011). An overview of lipid 

abnormalities in patients with inflammatory bowel disease. Annals of 

Gastroenterology, 24(3), 181-187.Nikolaus, S., & Schreiber, S. (2007). 

Diagnostics of inflammatory bowel disease. Gastroenterology, 133(5), 1670-

1689. 

129. Nikolaus, S., & Schreiber, S. (2007). Diagnostics of inflammatory bowel 

disease. Gastroenterology, 133(5), 1670-1689. 

130. Schroeder, K. W., Tremaine, W. J., & Ilstrup, D. M. (1987). Coated oral 5-

aminosalicylic acid therapy for mildly to moderately active ulcerative colitis. 

New England Journal of Medicine, 317(26), 1625-1629. 

131. Harvey, R., & Bradshaw, M. J. (1980). Measuring Crohn's disease activity. The 

Lancet, 315(8178), 1134-1135. 

132. Gregory, K. E., Bird, S. S., Gross, V. S., Marur, V. R., Lazarev, A. V., Walker, 

W. A., & Kristal, B. S. (2012). Method development for faecal lipidomics 

profiling. Analytical chemistry, 85(2), 1114-1123. 

133. Folch, J., Lees, M., & Sloane-Stanley, G. H. (1957). A simple method for the 

isolation and purification of total lipids from animal tissues. J biol Chem, 226(1), 

497-509. 

134. Snyder, L. R., Kirkland, J. J., & Dolan, J. W. (2011). Introduction to modern 

liquid chromatography. John Wiley & Sons. 

135. Chesnut, S. M., & Salisbury, J. J. (2007). The role of UHPLC in 

pharmaceutical development. Journal of separation science, 30(8), 1183-1190 



68 
 

136. Ogiso, H., Suzuki, T., & Taguchi, R. (2008). Development of a reverse-phase 

liquid chromatography electrospray ionisation mass spectrometry method for 

lipidomics, improving detection of phosphatidic acid and phosphatidylserine. 

Analytical biochemistry, 375(1), 124-131.. 

137. Gross, J. H. (2006). Mass spectrometry: a textbook. Springer Science & 

Business Media. 

138. Gross, J. H. (2006). Mass spectrometry: a textbook. Springer Science & 

Business Media. 

139. Weimar, R., Romberg, R., Frigo, S. P., Kassühlke, B., & Feulner, P. (2000). 

Time-of-flight techniques for the investigation of kinetic energy distributions of 

ions and neutrals desorbed by core excitations. Surface science, 451(1), 124-129. 

140. McLafferty, F. W. (1981). Tandem mass spectrometry. Science, 214(4518), 

280-287. 

141. Lanucara, F., Holman, S. W., Gray, C. J., & Eyers, C. E. (2014). The power of 

ion mobility-mass spectrometry for structural characterization and the study of 

conformational dynamics. Nature chemistry, 6(4), 281-294. 

142. Kuhl, C., Tautenhahn, R., Bottcher, C., Larson, T. R., & Neumann, S. (2011). 

CAMERA: an integrated strategy for compound spectra extraction and 

annotation of liquid chromatography/mass spectrometry data sets. Analytical 

chemistry, 84(1), 283-289. 

143. Team, R. C. (2015). R: A Language and Environment for Statistical Computing 

(Version 3.1. 2): R Foundation for Statistical Computing. Vienna, Austria. 

Available from URL http://www. R-project. org. 

144. Smith, C. A., Want, E. J., O'Maille, G., Abagyan, R., & Siuzdak, G. (2006). 

XCMS: processing mass spectrometry data for metabolite profiling using 

nonlinear peak alignment, matching, and identification. Analytical chemistry, 

78(3), 779-787.  

145. Tautenhahn, R., Patti, G. J., Rinehart, D., & Siuzdak, G. (2012). XCMS Online: 

a web-based platform to process untargeted metabolomic data. Analytical 

chemistry, 84(11), 5035-5039. 

146. Libiseller, G., Dvorzak, M., Kleb, U., Gander, E., Eisenberg, T., Madeo, F., ... 

& Magnes, C. (2015). IPO: a tool for automated optimization of XCMS 

parameters. BMC bioinformatics, 16(1), 118. 



69 
 

147. C. Kuhl et al., CAMERA: an integrated strategy for compound spectra 

extraction and annotation of liquid chromatography/mass spectrometry data sets, 

Analytical Chemistry, 84 (2012), 283–289 

148. Bolstad, B. M., Irizarry, R. A., Åstrand, M., & Speed, T. P. (2003). A 

comparison of normalization methods for high density oligonucleotide array 

data based on variance and bias. Bioinformatics, 19(2), 185-193. 

149. Wold, S. (1995). Chemometrics; what do we mean with it, and what do we 

want from it?. Chemometrics and Intelligent Laboratory Systems, 30(1), 109-

115. 

150. van den Berg, R. A., Hoefsloot, H. C., Westerhuis, J. A., Smilde, A. K., & van 

der Werf, M. J. (2006). Centering, scaling, and transformations: improving the 

biological information content of metabolomics data. BMC genomics, 7(1), 142. 

151. Eriksson, L., Byrne, T., Johansson, E., Trygg, J., & Vikström, C. (2013). Multi-

and megavariate data analysis basic principles and applications. Umetrics 

Academy. 

152. Myers, L., & Sirois, M. J. (2006). Spearman correlation coefficients, 

differences between. Wiley StatsRef: Statistics Reference Online. 

153. Cabin, R. J., & Mitchell, R. J. (2000). To Bonferroni or not to Bonferroni: when 

and how are the questions. Bulletin of the Ecological Society of America, 81(3), 

246-248. 

154. Ruxton, G. D. (2006). The unequal variance t-test is an underused alternative 

to Student's t-test and the Mann–Whitney U test. Behavioral Ecology, 17(4), 

688-690. 

155. Steinbach, G., Morotomi, M., Nomoto, K., Lupton, J., Weinstein, I. B., & Holt, 

P. R. (1994). Calcium reduces the increased faecal 1, 2-sn-diacylglycerol content 

in intestinal bypass patients: a possible mechanism for altering colonic 

hyperproliferation. Cancer research, 54(5), 1216-1219. 

156. Santoru, M. L., Piras, C., Murgia, A., Palmas, V., Camboni, T., Liggi, S., ... & 

Manzin, S. (2017). Cross sectional evaluation of the gut-microbiome 

metabolome axis in an Italian cohort of IBD patients. Scientific Reports, 7. 

157.  GonÄi, F. M., & Alonso, A. (1999). Structure and functional properties of 

diacylglycerols in membranes. Progress in Lipid Research, 38(1), 1-48. 



70 
 

158. Broom, O. J., Widjaya, B., Troelsen, J., Olsen, J., & Nielsen, O. H. (2009). 

Mitogen activated protein kinases: a role in inflammatory bowel disease?. 

Clinical & Experimental Immunology, 158(3), 272-280. 

159. Yang, L., & Yan, Y. (2014). Protein kinases are potential targets to treat 

inflammatory bowel disease. World journal of gastrointestinal pharmacology 

and therapeutics, 5(4), 209. 

160. Nishizuka, Y. (1986). Studies and perspectives of protein kinase C. Science, 

233, 305-313. 

161. Parekh, D. B., Ziegler, W., & Parker, P. J. (2000). Multiple pathways control 

protein kinase C phosphorylation. The EMBO journal, 19(4), 496-503. 

162. Owczarek, D., Cibor, D., & Mach, T. (2010). Asymmetric dimethylarginine 

(ADMA), symmetric dimethylarginine (SDMA), arginine, and 8‐iso‐

prostaglandin F2α (8‐iso‐PGF2α) level in patients with inflammatory bowel 

diseases. Inflammatory bowel diseases, 16(1), 52-57. 

163. Tripepi, G., Raso, F. M., Sijbrands, E., Seck, M. S., Maas, R., Boger, R., ... & 

Zoccali, C. (2011). Inflammation and asymmetric dimethylarginine for 

predicting death and cardiovascular events in ESRD patients. Clinical Journal 

of the American Society of Nephrology, 6(7), 1714-1721. 

164. Morotomi, M., Guillem, J. G., LoGerfo, P., & Weinstein, I. B. (1990). 

Production of diacylglycerol, an activator of protein kinase C, by human 

intestinal microflora. Cancer Research, 50(12), 3595-3599. 

165. Grimble, R. F. (2006). The effects of sulfur amino acid intake on immune 

function in humans. The Journal of nutrition, 136(6), 1660S-1665S. 

166. Halliwell, B. (1991). Reactive oxygen species in living systems: source, 

biochemistry, and role in human disease. The American journal of 

medicine, 91(3), S14-S22. 

167. Davis, S. R., Quinlivan, E. P., Shelnutt, K. P., Ghandour, H., Capdevila, A., 

Coats, B. S., ... & Shuster, J. J. (2005). Homocysteine synthesis is elevated but 

total remethylation is unchanged by the methylenetetrahydrofolate reductase 

677C→ T polymorphism and by dietary folate restriction in young women. The 

Journal of nutrition, 135(5), 1045-1050. 

168. Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. 

V., ... & Bousvaros, A. (2012). Dysfunction of the intestinal microbiome in 

inflammatory bowel disease and treatment. Genome biology, 13(9), R79. 



71 
 

169. Exton, J. H. (1990). Signaling through phosphatidylcholine 

breakdown. Journal of Biological Chemistry, 265(1), 1-4. 

170. Kanno, Keishi, et al. "Interacting proteins dictate function of the minimal 

START domain phosphatidylcholine transfer protein/StarD2." Journal of 

Biological Chemistry 282.42 (2007): 30728-30736. 

171. Schneider, H., Braun, A., Füllekrug, J., Stremmel, W., & Ehehalt, R. (2010). 

Lipid based therapy for ulcerative colitis—modulation of intestinal mucus 

membrane phospholipids as a tool to influence inflammation. International 

journal of molecular sciences, 11(10), 4149-4164. 

172. Davies, J. M., Hua, H. U., Dheer, R., Martinez, M., Bhattacharya, S. K., & 

Abreu, M. T. (2014). Stool phospholipid signature is altered by diet and tumors. 

PloS one, 9(12), e114352.  

173. Morita, H., Nakanishi, K., Dohi, T., Yasugi, E., & Oshima, M. (1999). 

Phospholipid turnover in the inflamed intestinal mucosa: arachidonic acid-rich 

phosphatidyl/plasmenyl-ethanolamine in the mucosa in inflammatory bowel 

disease. Journal of gastroenterology, 34(1), 46-53. 

174. Holtzapple, P. G., Starr, C. M., & Morck, T. (1980). Phosphatidylcholine 

synthesis in the developing small intestine. Biochemical Journal, 186(2), 399-

403. 

175. Tappia, P. S., & Dhalla, N. S. (Eds.). (2014). Phospholipases in health and 

disease (Vol. 10). Springer Science & Business Media. 

176. Reddy, B. S. (1981). Bile salts and other constituents of the colon as tumor 

promoters. Banbury report. 

177. Cansev, M. (2006). Uridine and cytidine in the brain: their transport and 

utilization. Brain research reviews, 52(2), 389-397. 

178. Kotal, P., & Fevery, J. (1991). Quantitation of urobilinogen in feces, urine, bile 

and serum by direct spectrophotometry of zinc complex. Clinica chimica acta, 

202(1-2), 1-9. 

179. Huang, H. J., Zhang, A. Y., Cao, H. C., Lu, H. F., Wang, B. H., Xie, Q., ... & 

Li, L. J. (2013). Metabolomic analyses of faeces reveals malabsorption in 

cirrhotic patients. Digestive and Liver Disease, 45(8), 677-682. 

180. Vítek, L., Zelenka, J., Zadinová, M., & Malina, J. (2005). The impact of 

intestinal microflora on serum bilirubin levels. Journal of hepatology, 42(2), 

238-243. 



72 
 

181. Midtvedt, T., Zabarovsky, E., Norin, E., Bark, J., Gizatullin, R., Kashuba, V., 

... & Ernberg, I. (2013). Increase of faecal tryptic activity relates to changes in 

the intestinal microbiome: analysis of Crohn's disease with a multidisciplinary 

platform. PLoS One, 8(6), e66074. 

182. Alhouayek, M., & Muccioli, G. G. (2012). The endocannabinoid system in 

inflammatory bowel diseases: from pathophysiology to therapeutic opportunity. 

Trends in molecular medicine, 18(10), 615-625. 

183. Storr, M. A., Yüce, B., Andrews, C. N., & Sharkey, K. A. (2008). The role of 

the endocannabinoid system in the pathophysiology and treatment of irritable 

bowel syndrome. Neurogastroenterology & Motility, 20(8), 857-868. 

184. Khan, M. J., Gerasimidis, K., Edwards, C. A., & Shaikh, M. G. (2016). Role 

of gut microbiota in the aaetiology of obesity: proposed mechanisms and review 

of the literature. Journal of Obesity, 2016. 

185. Chen, Z., Guo, L., Zhang, Y., Walzem, R. L., Pendergast, J. S., Printz, R. L., 

... & Coulon, D. (2014). Incorporation of therapeutically modified bacteria into 

gut microbiota inhibits obesity. The Journal of clinical investigation, 124(8), 

3391-3406. 

186. Di Sabatino, A., Battista, N., Biancheri, P., Rapino, C., Rovedatti, L., Astarita, 

G., ... & Pender, S. L. F. (2011). The endogenous cannabinoid system in the gut 

of patients with inflammatory bowel disease. Mucosal immunology, 4(5), 574-

583. 

187. Reid, R. C. (2005). Inhibitors of secretory phospholipase A2 group IIA. 

Current medicinal chemistry, 12(25), 3011-3026. 

188. Schaloske, R. H., & Dennis, E. A. (2006). The phospholipase A 2 superfamily 

and its group numbering system. Biochimica et Biophysica Acta (BBA)-

Molecular and Cell Biology of Lipids, 1761(11), 1246-1259. 

189. Peterson, J. W., Dickey, W. D., Saini, S. S., Gourley, W., Klimpel, G. R., & 

Chopra, A. K. (1996). Phospholipase A2 activating protein and idiopathic 

inflammatory bowel disease. Gut, 39(5), 698-704 

190. Ehehalt, R., Wagenblast, J., Erben, G., Lehmann, W. D., Hinz, U., Merle, U., 

& Stremmel, W. (2004). Phosphatidylcholine and lysophosphatidylcholine in 

intestinal mucus of ulcerative colitis patients. A quantitative approach by 

nanoelectrospray‐tandem mass spectrometry. Scandinavian journal of 

gastroenterology, 39(8), 737-742. 



73 
 

191. Calder, P. C. (2006). n− 3 polyunsaturated fatty acids, inflammation, and 

inflammatory diseases. The American journal of clinical nutrition, 83(6), S1505-

1519S.  

192. Moore, A. R., & Willoughby, D. A. (1995). The role of cAMP regulation in 

controlling inflammation. Clinical & Experimental Immunology, 101(3), 387-

389. 

193. Harvath, L., Robbins, J. D., Russell, A. A., & Seamon, K. B. (1991). cAMP 

and human neutrophil chemotaxis. Elevation of cAMP differentially affects 

chemotactic responsiveness. The Journal of Immunology, 146(1), 224-232. 

194. Rivkin, I., & Neutze, J. A. (1977). Influence of cyclic nucleotides and a 

phosphodiesterase inhibitor on in vitro human blood neutrophil 

chemotaxis. Archives internationales de pharmacodynamie et de 

therapie, 228(2), 196-204. 

195. Bischoff, S. C., Barbara, G., Buurman, W., Ockhuizen, T., Schulzke, J. D., 

Serino, M., ... & Wells, J. M. (2014). Intestinal permeability–a new target for 

disease prevention and therapy. BMC gastroenterology, 14(1), 189. 

196. Hisamatsu, T., Okamoto, S., Hashimoto, M., Muramatsu, T., Andou, A., Uo, 

M., ... & Kanai, T. (2012). Novel, objective, multivariate biomarkers composed 

of plasma amino acid profiles for the diagnosis and assessment of inflammatory 

bowel disease. PloS one, 7(1), e31131. 

197. Vidal-Lletjós, S., Beaumont, M., Tomé, D., Benamouzig, R., Blachier, F., & 

Lan, A. (2017). Dietary Protein and Amino Acid Supplementation in 

Inflammatory Bowel Disease Course: What Impact on the Colonic Mucosa?. 

Nutrients, 9(3), 310. 

198. Neis, E. P., Dejong, C. H., & Rensen, S. S. (2015). The role of microbial amino 

acid metabolism in host metabolism. Nutrients, 7(4), 2930-2946. 

199. Blijlevens, N. M. A., Lutgens, L. C. H. W., Schattenberg, A. V. M. B., & 

Donnelly, J. P. (2004). Citrulline: a potentially simple quantitative marker of 

intestinal epithelial damage following myeloablative therapy. Bone marrow 

transplantation, 34(3), 193. 

200. Biyyani, R. S. R. S., Putka, B. S., & Mullen, K. D. (2010). Dyslipidemia and 

lipoprotein profiles in patients with inflammatory bowel disease. Journal of 

clinical lipidology, 4(6), 478-482. 



74 
 

201. Giovannini, I., Boldrini, G. I. U. S. E. P. P. E., Chiarla, C. A. R. L. O., 

Giuliante, F., Vellone, M., & Nuzzo, G. E. N. N. A. R. O. (1999). 

Pathophysiologic correlates of hypocholesterolemia in critically ill surgical 

patients. Intensive care medicine, 25(7), 748-751. 

202. Fraunberger P, Nagel D, Walli AK, Seidel D. Serum cholesterol and mortality 

in patients with multiple organ failure. Crit Care Med 2000;28:3574-3575. 

203. Banks, C., Bateman, A., Payne, R., Johnson, P., & Sheron, N. (2003). 

Chemokine expression in IBD. Mucosal chemokine expression is unselectively 

increased in both ulcerative colitis and Crohn's disease. The Journal of 

pathology, 199(1), 28-35. 

  



75 
 

8. TABLES 

 

 

 

Table 3.1.  Samples clinical record. 
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Name trivial name class store 

N-palmitoyl-d31-D-erythro-sphingosine (C16-d31 

Ceramide) 

C16-d31 

Ceramide 

Cer avanti 

1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphate 

(sodium salt) (16:0-d31-18:1 PA) 

16:0-d31-

18:1 PA 

PA avanti 

1-palmitoyl(D31)-2-oleyl-sn-glycero-3-

phosphocholine (16:0-d31-18:1 PC) 

16:0-d31-

18:1 PC 

PC avanti 

1-palmitoyl(D31)-2-oleyl-sn-glycero-3-

phosphoethanolamine (16:0-d31-18:1 PE) 

16:0-d31-

18:1 PE 

PE avanti 

1-palmitoyl-d31-2-oleoyl-sn-glycero-3-[phospho-

rac-(1-glycerol)] (sodium salt) (16:0-d31-18:1 PG) 

16:0-d31-

18:1 PG 

PG avanti 

1-palmitoyl-d31-2-oleoyl-sn-glycero-3-

phosphoinositol (ammonium salt) (16:0-d31-18:1 

PI) 

16:0-d31-

18:1 PI 

PI avanti 

1,2-dimyristoyl-d54-sn-glycero-3[phospho-L-

serine] (sodium salt)(14:0 PS-d54) 

14:0 PS-d54 PS avanti 

N-palmitoyl(D31)-d-erythro-

sphingosylphosphorylcholine (16:0-d31 SM) 

16:0-d31 SM SM avanti 

1,2-dipalmitoyl-d62-sn-glycero-3-[phospho-L-

serine] (sodium salt)  

16:0 PS-d62 PS avanti 

cholesteryl-2,2,3,4,4,6-d6-octadecanoate (18:0-d6 

CE) 

18:0-d6 CE Cer qmx 

Pentadecanoic-d29 Acid (15:0-d29 FA) 15:0-d29 FA FA qmx 

Heptadecanoic-d33-acid (17:0-d33 FA) 17:0-d33 FA FA qmx 

Eicosanoic-d39 Acid (20:0-d39 FA) 20:0-d39 FA FA qmx 

Tetradecylphosphocholine-d42 (14:0-d29  LPC-

d13) 

14:0-d29  

LPC-d13 

LysoPC qmx 

Glyceryl Tri(pentadecanoate-d29) (45:0-d29 TG) 45:0-d29 TG TAG qmx 

glyceryl-tri(hexadecanoate-d31) (48:0-d31 TG) 48:0-d31 TG TAG qmx 

Glyceryl Tri(octadecanoate-d35) (54:0-d35 TG) 54:0-d35 TG TAG qmx 

arachidonic acid d8 arachidonic 

acid d8 

PUFA Cayman 

Chemicals 

linoleic acid d4 linoleic acid 

d4 

PUFA Cayman 

Chemicals 

11(12)-EET-d11 11(12)-EET-

d11 

oxFA Cayman 

Chemicals 

Prostaglandin E2-d4 Prostaglandin 

E2-d4 

oxFA Cayman 

Chemicals 

12-HETE-d8 12-HETE-d8 oxFA Cayman 

Chemicals 

TxB2-d4 TxB2-d4 oxFA Cayman 

Chemicals 

LTB2-d4 LTB2-d4 oxFA Cayman 

Chemicals 

Table 3.2. List of lipids used for the plasma internal standard mixture. oxFA = 

oxidated fatty acid.    
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compound Rt(min) ionisation parent mass 

(m/z) 

fragment 

(m/z) 

 

CE (v) 

5- hydroxy-

tryptophane 

4.1 positive 221.2 204.1 11 

alanine 0.7 positive 90.1 44.2 11 

α-amino 

isobutyric 

acid 

0.8 positive 104.05 85.9 5 

α-hydroxy-

butyric acid 

2.1 negative 103.025 73.1 10 

AMP 1.2 positive 348.1 136.1 20 

arginine 0.7 positive 175.15 70.2 23 

asparagine 0.7 positive 134.175 74.1 15 

aspartate 0.7 positive 133.1 116.0 8 

asymmetric 

dimethyl-

arginine 

1.2 positive 203.3 46 12 

β-hydroxy-

isovaleric 

acid 

3.4 negative 117.075 59.1 12 

β-amino-

isobutyric 

acid 

0.9 negative 103.025 57.1 12 

β-hydroxy-

butyric acid 

1.9 negative 103.025 57.1 12 

betaine 0.8 positive 118.1 58.2 26 

cAMP 3.4 positive 330.1 136.2 25 

carnosine 0.7 positive 227.25 110.2 21 

choline 0.9 positive 104.1 60.1 15 

citrate 1.4 negative 191 111 15 

citrulline 0.8 positive 176.15 159.0 8 

creatine 1 positive 131.975 43.1 29 
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creatinine 0.9 positive 114.1 86.1 11 

cystine 0.7 positive 122.025 59.1 23.6 

cytidine 1.1 positive 112 95.1 18 

γ-amino-

butyric acid 

0.8 positive 104.039 58 10.2 

glutamic acid 0.7 positive 148 84.1 16 

glutamine 0.7 positive 147.1 84.1 16 

glycine 0.6 positive 76.1 48.2 6 

guanidine 3.4 positive 152.1 135 19 

GMP 1.2 positive 364.1 152.1 16 

guanosine 3.4 positive 168 151.1 19 

histidine 0.6 positive 156.1 110.1 13 

hydroxy-

proline 

0.7 positive 132.025 86.2 8 

inosine 3.2 positive 269.15 137.1 10 

isocitrate 1.1 positive 191 111 15 

isoleucine 1.8 positive 132.025 86.2 8 

keto-

isoleucine 

4.2 negative 129.05 84.8 6 

Keto-leucine 4.5 negative 129.1 129.1 6 

leucine 1.9 positive 132.025 86.2 8 

lysine 0.6 positive 147.1 84.1 16 

malate 1.1 negative 133 115.0 12 

methionine 1.2 positive 150.05 61.1 23 

methionine 

sulfoxide 

0.8 positive 166 149.1 12 

methyl-

histidine 

0.7 positive 170.2 95.1 30 

NADPN 1.2 negative 742.8 408.1 35 

nicotinic acid 1.2 positive 124.07 80.1 20.8 
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nicotinamide 1.1 positive 123.152 80.1 19.5 

N-

monomethyl 

arginine 

0.8 positive 189.3 70.2 23 

ornithine 0.6 positive 133.2 70.1 16 

phenylalanin

e 

3.6 positive 166.1 120.1 13 

phosphocreat

ine 

0.8 negative 210 79.0 16 

proline 0.9 positive 115.975 70.1 15 

putrescine 0.6 positive 89.252 30.3 20.2 

pyruvic acid 0.8 negative 87 43 10 

serine 0.7 positive 106.075 60.2 10 

succinate 1.8 negative 117 73 10 

taurine 0.7 positive 126.1 44.1 14 

threonine 0.7 positive 120.1 74.1 9 

trimethylami

ne 

1.1 positive 60.152 44.1 20.1 

Trimethylami

ne-N oxide 

0.9 positive 76.122 58.1 18.1 

tryptophan 4.2 positive 205.2 188.1 11 

tyrosine 2.3 positive 182.1 136.1 12 

UDP N-

acetyl 

glucosamine 

0.9 negative 606.1 159 28 

UMP 1.2 positive 325.2 97.1 12 

uridine 1.9 positive 245.1 112.9 12 

valine 1.1 positive 118.1 72.2 10 

Table 3.3. LC/MS QqQ detected metabolites from the MS/MS analysis of faecal and 

plasma samples. 
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compound adduct m/z 

measured 

m/z 

theoretical 

Δppm Rt 

(min) 

Fatty acid 

composition 

Product ion 

(m/z) 

Discriminant class 

urobilin Na+ 617.335 617.331 5.5 1.3  291.2 C 

PC 19:1 neutral 549.3461 549.3431 4.4 1.4 16:0, 3:1 130.1 C 

Unknown1  279.7294   1.7   CD 

urobilinogen H+ 597.367 597.3647 2.4 2.2  471. 3 C 

Unknown2  508.4934   6.3   CD 

Unknown3  647.9453   11   UC 

Unknown4  515.3659   11.6   C 

DAG 34:2 NH4+ 634.5398 634.5405 1.9 12.3 18:2, 18:2 353.3  UC 

PA 35:1 H+ 689.504 689.5043 0.7 14.8 19:0, 16:1 355. 2 C 

PC 36:3 neutral 783.5768 783.5778 1.9 14.9 22.2, 14:1 393.1, 184.1 CD 

Unknown5  371.3179   15   C 

Unknown6  474.3812   15.5   C 

Unknown7  465.376   15.8   CD, 

DAG 40:2 H-2H2O 641.5974 641.5878 14 16.4 18:0, 22:2 267.1, 341.1 CD, UC 

PS 40:2 H+ 844.6053 844.6062 1.7 16.5 18:0, 22:2 413.2,341.1, 185.1 C 

Unknown8  1238.874   20.8   C 

Cer 40:1 H+ 622.6167 622.6133 4.5 22.7 18:1, 22:0 282.1, 339.2  C 

Unknown9  1147.911   23.2   CD 

Unknown10  975.7294   23.2   CD, UC 

Unknown11  1149.92   23.2   CD, UC 

Unknown12  1076.719   23.5   CD, UC 

Unknown13    465.3796  25.9    C  

NAPE 52:2 H+ 982.7768 982.7762 0 24 18:1, 16:1, 18:0 281, 265, 341 UC 

Table 3.4. Discriminant metabolites of IBD faecal samples identification by LC/MS/MS. 
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Lipid Adduct m/z 

experimental 

m/z theoretical Δppm Fatty acid 

composition 

Rt (min) CCS 

(Å2) 

Product ion (m/z) 

LysoPC 18:2 H+ 520.3351 520.3398 10 18:2 1.0 226.1 337.3, 258.1, 184.1, 

104.1  

LysoPC 16:0 H+ 496.3393 496.3398 2.1 16:0 1.2 228.5 313.3, 258.1, 184.1, 

104.1 

LysoPC 18:1 H+ 522.3543 522.3554 3.1 18:1 1.3 231.3 339.3, 258.1, 184.1, 

104.1 

LysoPC 18:0 H+ 524.3706 524.3711 1.9 18:0 1.8 236.0 341.3, 258.1, 184.1, 

104.1  

Unknown  356,352    1.8* 200.9  

PC 36:4 H+ 782.5638 782.5694 7.8 18:2, 18:2 4.4 285.0 599.5, 520.3,  337.2, 

263.2, 184.1 

PC 38:7 H+ 804.5511 804.5538 4 18:3, 20:4 4.4 287.9 621.5, 544.3 527.3, 

502.3, 277.4, 184.1  

PC 34:3 H+ 756.5536 756.5538 0.9 16:1, 18:2 4.5 282.1 573.4, 476.4, 494.3, 

184.1 

PC 34:2 H+ 758.5684 758.5694 2 16:0, 18:2 4.6 281.5 575.5, 502.3, 478.3, 

337.2,  313.3, 184.1 

SM 36:2 H+ 729.5857 729.5905 7 16:1/20:1 4.6 285.9 546.3, 237.1, 184.1 

PC 38:6 H+ 806.6038 806.5913 14 18:3/20:3 4.9 292.2 624.5, 528.3, 500.3, 

184.1 

PC 36:4 H+ 782.572 782.5694 2.6 16:0, 20:4 4.7 287.6 599.5, 526.3, 496.3, 

313.3, 184.1  
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PC 38:6 H+ 806.5677 806.5694 2.8 16:0, 22:6 4.9 291.6 623.5, 550.3, 313.3, 

184.1 

PC 40:6 H+ 834.6008 834.6007 0.5 18:0, 22:6 4.9 296.6 651.5, 341.3, 184.1  

SM 42:2 H+ 813.6823 813.6844 3.2 18:2, 24:0 5.8 303.3 629.5, 337.3, 184.1 

PC 32:1 H+ 732.5529 732.5538 1.9 16:1, 16:0 6.93* 279.4 549.5, 479.3, 477.3, 

184.07 

PC 38:5 H+ 808.5829 808.5851 3.3 22:5, 16:0 7.2* 290.2 625.49, 552.49, 

341.30, 313.3, 

184.07 

Unknown  369.3484    7.4 202.19  

PC 36:3 H+ 784.5841 784.5851 1.9 16:0, 20:3 7.96* 287.5 601.5, 528.3, 478.3, 

184.07 

PC 36:2 H+ 786.6003 786.6007 1.2 18:2, 18:0 9.8* 289.3 603.53, 502.3, 

506.38, 520.36, 

524.39, 341.30, 

184.07 

PC 36:1 H+ 788.616 788.6164 1.2 18:1, 18:0 12.2* 291.8 605.53, 504.35, 

524.36, 184.07 

Unknown  698,255    8.74* 295,7  

PC 34:1 H+ 760.585 760.5851 0.8 18:1, 16:0 9.2* 285.7 577.5, 504.3, 478.3, 

339.2, 313.3, 184.1 

PC 36:2 H+ 786.5990 786.6007 2.8 18:1, 18:1 9.4* 289.5 604.53, 504.38, 

522.36, 184.07 

PC 38:3 H+ 812.6151 812.6164 2.2 20:3, 18:0 10.6* 294.0 629.56, 527.37, 

506.37, 341.6, 267.1, 

184.07 
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TG 56:7 NH4+ 922.7844 922.7858 2.1 20:4, 18:2, 

18:1 

6.9 323.6 601.5, 625.5, 361.2, 

339.2, 337.2, 287.2, 

265. 263.2  

TG 52:3 NH4+ 874.7833 874.7858 3.4 18:1, 16:0, 

18:2 

7.1 318.1 575.1, 577.1, 601.1, 

339.3, 337.2, 313.2, 

265.3, 263.2, 239.2 

TG 52:1 NH4+ 878.8144 878.8171 3.7 18:1, 18:0, 

16:0 

7.5 322.0 603.5, 577.5, 339.3, 

313.3, 265.3, 247.2 

FA 16:0 -H- 255.231 255.2330 9 - 1.9 201.3 - 

FA 18:2 -H- 279.232 279.2330 5 - 1.6 203.8 - 

FA 24:2 -H- 363.251 363.2541 10 - 1.9 226.6 - 

FA 16:1 H- 253,217 253,217 0 - 1.5 213.7 - 

PC 36:2 +OAc- 844.608 844.6073 0 18:0, 18:2 5.2 304.3 770.5, 283.3, 279.2 

FA 18:0 -H- 283.262 283.2643 10 - 2,6 207.6 - 

FA 22:1 -H- 337.236 337.2384 8 - 1,9 222.3 - 

FA 24:3 -H- 361.235 361.2384 10 - 1.5 191.2 - 

PC 38:6 +OAc- 864.576   16:0, 22:6 4,5 296.4 790.5, 327.2, 255.2 

FA 18:1 -H- 281.243 281.2486 10 - 1.9 271.5 - 

PC 36:3 +OAc- 842.592 842.5917 0 18:1, 18:2 4,9 294.1 768.5, 281.3, 279.2 

Table 3.5. Discriminant metabolites of IBD plasma samples identification by IM-C-MS/MS. * = Retention time related to the SPE LC/MS 

method.
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ANALYSIS UC vs C CD vs C 

 R2X R2Y Q2 Ptest Q2 R2X R2Y Q2 Ptest Q2 

 

PCA 0,6  0,5  0,5  0,4  

 

OPLS-DA 0,5 0,6 0,5 -0,5 0,4 0,8 0,5 -0,5 

Table 4.1 Validation parameters of multivariate statistical data analysis of IBD faecal 

samples. Ptest= permutation test. 
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UC vs C CD vs C 

compound MW p compound MW p 

PC 16:0/3:1 <0.0001 urobilin <0.0001 

urobilinogen <0.0001 PC 16:0/3:1 < 0.0001 

DAG 18:2/18:2  0.002 urobilinogen < 0.0001 

PC 22:2/14:1 0.002 PA 19:0/16:1  < 0.0001 

DAG 18:0/22:2 0.003 DAG 18:0/22:2 0.001 

Cer 18:1/22:0 0.004 PS 18:0/22:2 0.002 

NAPE 18:1/16:1/18:0 0.004   

PS 18:0/22:2 0.004   
Table 4.2.Discriminant metabolites from the Mann-Whitney U test of faecal samples. UC= 

ulcerative colitis, CD= Crohn’s disease, C= healthy samples, MWp= Mann-Whitney p value. 
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UC vs C CD vs C 

compound MW p compound MW p 

carnosine <0.0001 β-amino isobutirric acid <0.0001 

AMP 0.002 carnosine < 0.0001 

cystine  0.002 cystine < 0.0001 

ornithine 0.003 methionine < 0.0001 

Arginine 0.007 adma 0.0005 

ADMA 0.02 α-amino isobutirric acid 0.001 

β-amino isobutirric acid 0.03 malic acid 0.01 

  arginine 0.03 
Table 4.3 Discriminant metabolites from the Mann-Whitney U test of faecal polar 

metabolite profile samples. UC= ulcerative colitis, CD= Crohn’s disease, C= healthy 

samples, MWp= Mann-Whitney p value. 
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Platform Analysis UC vs C CD vs C 

 R2X R2Y Q2 PtestQ2 R2X R2Y Q2 PtestQ2 

Q-TOF (+) PCA 0.8  0.6  0.8  0.6  

OPLS-DA 0.8 0.8 0.6 -0.31 0.7 0.7 0.5 -0.20 

IM (+) PCA 0.6  0.4  0.8  0.3  

OPLS-DA 0.2 0.5 0.3 -0.18 0.2 0.5 0.4 -0.18 

Q-TOF (-) PCA 0.8  0.6  0.7  0.6  

OPLS-DA 0.7 0.7 0.5 -0.19 0.7 0.7 0.5 -0.11 

IM (-) PCA 0.5  0.4  0.5  0.4  

OPLS-DA 0.5 0.7 0.6 0.10 0.4 0.7 0.4 0.10 

Table 4.4. Validation parameters of multivariate data analysis from the Xevo and the Ion 

Mobility IBD plasma samples. Ptest= permutation test. 

  



88 
 

UC vs C CD vs UC 

compound MWp compound MWp 
LysoPC 18:1 < 0.0001 LysoPC 18:1 < 0.0001 
PC 18:2/18:2 0,0001 PC18:3/20:4 < 0.0001 
TG 18:1/18:2/20:4 0,0001 PC 18:2/18:2 0,0008 
PC 18:3/20:4 0,0001 TG 18:1/18:2/20:4 0,0013 
LysoPC 18:2 0,0003 LysoPC 18:2 0,0016 
PC 18:0/18:1 0,0009 PC 16:0/22:6 0,0031 
PC 16:0/22:6 0,0017 PC 18:0/18:1 0,0052 
PC 18:1/18:1 0,0045 SM 16:1/20:1 0,0075 
PC 16:0/20:4 0,0108 PC 18:1/18:1 0,0132 
TG 16:0/18:0/18:1 0,0382 TG 16:0/18:1/18:2 0,0191 
SM 18:2/24:0 0,0419 PC18:3/20:3 0,0246 
TG 14:0/16:0/18:2 0,0469 PC 18:0/22:6 0,0347 
  LysoPC18:0 0,0398 

Table 4.5. Discriminant metabolites from the Mann-Whitney U test of plasma samples, 

positive ionisation. UC= ulcerative colitis, CD= Crohn’s disease, C= healthy samples, MWp= 

Mann-Whitney p value.  
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UC vs C CD vs C 

compound MWp compound MWp 

FA18:1 < 0.0001 FA18:1 < 0.0001 

FA18:2 < 0.0001 FA16:0 < 0.0001 

FA16:0 < 0.0001 FA18:2 < 0.0001 

PC 18:1/18:2 < 0.0001 FA24:2 < 0.0001 

FA24:2 < 0.0001 FA16:1 < 0.0001 

FA16:1 < 0.0001 PC 18:1/18:2 < 0.0001 

FA18:0 < 0.0001 FA18:0 < 0.0001 

  FA22:1 < 0.0001 

  FA24:3 < 0.0001 

  PC 18:0/18:2 < 0.0001 

Table 4.6. Discriminant metabolites from the Mann-Whitney U test of plasma samples 

negative ionisation. UC= ulcerative colitis, CD= Crohn’s disease, C= healthy samples, MWp= 

Mann-Whitney p value. 
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Var ID (lipid maps annotation) MWp Class 

PC 18:2/18:0 0,0002 UC 

PC 18:1/18:0 0,0007 UC 

PC 22:5/16:0 0,0011 UC 

PC 20:3/18:0 0,0015 UC 

PC 16:0/18:2 0,0029 UC 

PC 16:0/18:1 0,0039 UC 

PC 18:1/18:1 0,0039 UC 

PC 18:0/22:6 0,0068 UC 

PC 16:0/20:3 0,0089 UC 

Unknown 0,01 CD 

PC 16:1/16:0 0,01 UC 

Unknown 0,04 UC 

Table 4.7. Discriminant metabolites from the Mann-Whitney U test of SPE plasma 

phospholipid fraction. UC= ulcerative colitis, CD= Crohn’s disease, MWp= Mann-Whitney p 

value.  

  



91 
 

UC vs C CD vs C 

compound MW p compound MW p 

β-amino isobutirric acid <0.0001 α -hydroxy butirric acid <0.0001 

α -hydroxy butirric acid <0.0001 histidine <0.0001 

GABA <0.0001 proline <0.0001 

Proline <0.0001 tyrosine 0.0006 

citric acid 0.0001 citric acid 0.0008 

tryptophane 0.0008 β-amino isobutirric acid 0.001 

Creatine 0.003 betaine 0.002 

methionine 0.003 creatine 0.003 

Alanine 0.005 hydroxy proline  0.003 

threonine 0.005 methionine 0.009 

AMP 0.006 citrulline 0.01 

GMP 0.007 isocitric acid 0.01 

Camp 0.008 alanine 0.02 

isocitric acid 0.008 threonine 0.03 

Uridine 0.008 methionine sulfoxide 0.04 

β -hydroxy valeric acid 0.01 valine 0.04 

Tyrosine 0.01   

citrulline 0.02   

ketoleucine 0.02   

Arginine 0.04   

Betaine 0.04   
Table 4.8. Discriminant metabolites from the Mann-Whitney U test of plasma polar metabolite 

profile samples. UC= ulcerative colitis, CD= Crohn’s disease, C= healthy samples, MWp= 

Mann-Whitney p value. 
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9. FIGURES 

 

Figure 3.1. MS/MS fragmentation of different lipid categories: A= urobilin, B= urobilinogen, 

C=LysoPC 18:2, D= PC 36:4, E= PA 35:1, F= PS4 0:2, G= DAG 34:2, H= NAPE 52:2, I= 

SM 42:2, L= TG 52:1  



93 
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C=LysoPC 18:2, D= PC 36:4, E= PA 35:1, F= PS4 0:2, G= DAG 34:2, H= NAPE 52:2, I= 

SM 42:2, L= TG 52:1  
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Figure 3.2. Matrix annotation of a typical dataset. 
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Figure 3.3. The mean-centering correspond to the movement of the origin system for coincide 

with the median point represented with a red circle. A: distribution before mean centering, B: 

distribution after mean-centering. 
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Figure 3.4. First principal component: is the line that describes 

the shape of set point. It represents the direction of maximum 

data variance. PC1= first principal component. 
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Figure 3.5. Scores Plot. The two principal components build a 

plan. This plan represents a window inside the multidimensional 

space that can be showed graphically. PC1,2: first and second 

principal components respectively. 
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Figure 3.6. PLS-DA model. The generated two matrices, the X matrix (constituted by the 

observation and the variables) called predictors and the Y matrix (constituted by the samples 

classes) called response, are put in relation. 
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Figure 4.1. Example of LC/MS QTOF chromatograms from the faecal lipid analysis. 
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Figure 4.2. Scores plot from the LCMS-QTOF positive ionisation analysis. A) Scores 

plot from the OPLS-DA of CD samples (black filled circles) vs control samples (gray 

filled circles): R2Y=0.78 Q2=0.45. B) Scores plot from the OPLS-DA of UC samples 

(black filled circles) vs healthy patient samples (gray filled circles). R2Y=0.62 

Q2=0.48. C) Permutation test from the PLS-DA of CD samples vs healthy patient 

samples (R2X=0.59 Q2=-0.22). D) Permutation test from the PLS-DA of UC samples 

vs control samples (R2X=0.59 Q2=-0.22). Grey squares represent the Q2 and black 

circles the R2Y. 

 

. 
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Figure 4.3. Box plot related to the most discriminant metabolites of faecal samples underwent 

from the Mann-Whitney U test. The relative analysis was the OPLSDA of CD vs control samples. 

Variable intensities are shown in the y axis. *, **, and *** indicates levels of significance with a 

p value<0.05, <0.01, <0.001 respectively. 
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Figure 4.4. Box plot related to the most discriminant metabolites of faecal samples underwent 

from the Mann-Whitney U test. The relative analysis was the OPLSDA UC vs control samples. 

Variable intensities are shown in the y axis. *,**, and *** indicates levels of significance with 

a p value<0.05, <0.01, <0.001 respectively. 
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Figure 4.5. Inter-omic Spearman’s rank correlation between metabolites and bacterial genera. 

Spearman correlation between statistically different metabolites and bacterial genera was 

calculated for both CD (A) and UC (B). All calculated correlations are showed.  
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Figure 4.6. Inter-omic Spearman’s rank correlation between metabolites and bacterial species. 

Spearman correlation between statistically different metabolites and bacterial species was 

calculated both for CD (A) and UC (B). All calculated correlations are shown.  
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Figure 4.7. Example of a LC/MS QqQ chromatograms from the faecal polar metabolite profile 

analysis. 
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Figure 4.8. Box plot related to the most discriminant metabolites of faecal samples underwent 

from the Mann-Whitney U test between CD vs C samples. Variable intensities are shown in 

he y-axis. *, **, and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 

respectively. 
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Figure 4.9. Box plot related to the most discriminant metabolites of faecal samples underwent 

from the Mann-Whitney U test between UC vs C samples. Variable intensities are shown in 

the y-axis. *, **, and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 

respectively. 
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Figure 4.10. Example of IM-Q TOF-LC/MS chromatogram from the plasma lipid profile 

analysis in positive ionisation. 
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Figure 4.11. Example of XEVO Q TOF-LC/MS chromatogram from the plasma lipid profile 

analysis in positive ionization. 
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Figure 4.12. Scores plot from the Agilent Ion mobility-Q-TOF positive ionisation analysis. 

A) Scores plot from the OPLS-DA of CD samples (black filled circles) vs control samples 

(gray filled circles): R2Y=0.50 Q2=0.37. B) Scores plot from the OPLS-DA of UC samples 

(black filled circles) vs healthy patient samples (gray filled circles): R2Y=0.54 Q2=0.34. C) 

Permutation test from the PLS-DA of CD samples vs healthy patient samples (Q2=-0.18). D) 

Permutation test from the PLS-DA of UC samples vs control samples (Q2=-0.18). Grey 

squares represent the Q2 and black circles the R2Y. 
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Figure 4.13. Scores plot from the Xevo Q-TOF positive ionisation analysis: A) Scores plot 

from the OPLS-DA of CD samples (black filled circles) vs control samples (gray filled 

circles): R2Y=0.67 Q2=0.51. B) Scores plot from the OPLS-DA of UC samples (black filled 

circles) vs healthy patient samples (gray filled circles): R2Y=0.75 Q2=0.84. C) Permutation 

test from the PLS-DA of CD samples vs healthy patient samples (Q2=-0.20). D) Permutation 

test from the PLS-DA of UC samples vs control samples (Q2=-0.31). Grey squares represent 

the Q2 and black circles the R2Y. 
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Figure 4.14. Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney test of the all ion positive analysis. The relative analysis 

was the OPLSDA of CD vs control samples. Variable intensities are shown in the y axis. *, 

**, and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 respectively.  
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Figure 4.15. Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney test of the all ion positive analysis. The relative analysis 

was the OPLSDA of UC vs control samples. Variable intensities are shown in the y axis. *,**, 

and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 respectively.  

 

  



114 
 

Figure 4.16, Example of IM-Q TOF-LC/MS chromatogram from the plasma lipid profile 

analysis in negative ionisation.   
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Figure 4.17. Example of LC/MS XEVO chromatogram from the plasma lipid profile analysis 

in negative ionisation.   
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Figure 4.18. Scores plot from the Agilent Ion mobility-Q-TOF negative ionisation analysis. 

A) Scores plot from the PLS-DA of CD samples (black filled circles) vs control samples (gray 

filled circles) R2Y=0.70 Q2=0.6. B) Scores plot from the PLS-DA of UC samples (black filled 

circles) vs healthy patient samples (gray filled circles): R2Y=0.5 Q2=0.36. C) Permutation test 

from the PLS-DA of CD samples vs healthy patient samples (Q2=0.05). D) Permutation test 

from the PLS-DA of UC samples vs control samples (Q2=-0.02). Grey squares represent the 

Q2 and black circles the R2Y. 
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Figure 4.19. Scores plot from the Xevo Q-TOF negative ionisation analysis. A) Scores plot 

from the OPLS-DA of CD samples (black filled circles) vs control samples (gray filled 

circles): R2Y=0.74 Q2=0.62. B) Scores plot from the OPLS-DA of UC samples (black filled 

circles) vs healthy patient samples (gray filled circles): R2Y=0.69 Q2=0.58. C) Permutation 

test from the PLS-DA of CD samples vs healthy patient samples (Q2=-0.10). D) Permutation 

test from the PLS-DA of UC samples vs control samples (Q2=-0.11). Grey squares represent 

the Q2 and black circles the R2Y. 

  



118 
 

 

Figure 4.20: Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney test of the all ion negative analysis. The relative analysis 

was the OPLSDA of CD vs control samples. Variable intensities are shown in the y axis. *,**, 

and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 respectively.  
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Figure 4.21: Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney test of the all ion negative analysis. The relative analysis 

was the OPLSDA of UC vs control samples. Variable intensities are shown in the y axis. *,**, 

and *** indicates levels of significance with a p value<0.05, <0.01, <0.001 respectively. 
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Figure 4.22. Example of an IM-Q TOF-LC/MS chromatogram from the SPE extraction 

analysis.  A) fatty acid fraction B) neutral fraction, C) glycerophospholipid fraction. 
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Figure 4.23. Graph related to the levels of different categories of glycerophospholipids of 

plasma glycerophospholipids plasma fraction samples, underwent from the one-way ANOVA 

test between CD vs UC vs C samples with the Bonferroni correction. Variable intensities are 

shown in the y-axis. *, **, and *** indicates levels of significance with a p value<0.01, <0.05, 

<0.001 respectively.  
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Figure 4.14. Graph related to the levels of cholesteryl esters of 

plasma neutral fraction samples underwent from the one-way 

ANOVA test between CD vs UC vs C samples with the 

Bonferroni correction. Variable intensities are shown in the y-

axis. *, **, and *** indicates levels of significance with a p 

value<0.01, <0.05, <0.001 respectively. 
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Figure 4.25. Graph  related to the levels of MUFA and PUFA of plasma fatty acid fraction 

samples underwent from the one-way ANOVA test between CD vs UC vs C samples with the 

Bonferroni correction. Variable intensities are shown in the y-axis. *, **, and *** indicates 

levels of significance with a p value<0.01, <0.05, <0.001 respectively. 
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Figure 4.26. Example of a LC/MS QqQ chromatograms from the plasma polar metabolite 

profile analysis. 
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Figure 4.27. Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney U test between CD vs C samples. Variable intensities are 

shown in the y-axis. *, **, and *** indicates levels of significance with a p value<0.05, <0.01, 

<0.001 respectively.  
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Figure 4.28. Box plot related to the most discriminant metabolites of plasma samples 

underwent from the Mann-Whitney U test between UC vs C samples. Variable intensities are 

shown in the y-axis. *, **, and *** indicates levels of significance with a p value<0.05, <0.01, 

<0.001 respectively. 

 

 


