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2. Introductory summary  

Here I present the application of mass spectrometry-based metabolomics in different contexts. In 

the first two papers, high-resolution mass spectrometry was used to explore the metabolome of 

children with Crohn’s disease under nutritional intervention in a non-targeted fashion. In the third 

paper, targeted metabolomics was used to access metabolic differences in patient suffering from 

sarcopenia.  

2.1 Mass spectrometry-based metabolomics 

The human metabolome is a complex collection of small molecules with diverse physicochemical 

properties and function. Up to date, the size of the small molecules pool in the human organism 

is unknow, and the number of molecules identified grows every year. The most comprehensive 

data base for metabolome is the Human Metabolome Database (HMDB) (Wishart et al., 2021), 

and up to now, the number of metabolite entries in the data base is 248047. To access such 

complexity within biological systems, many analytical techniques has been explored. Regular in-

crease in instrument capabilities, such as sensitivity and acquisition speed rate, has been pushing 

the boundaries of mass spectrometry, reflecting in the increase of metabolites included in public 

data bases such as HMDB. Due to the complexity of the biological matrix used for metabolomics, 

techniques for separation are often used prior mass spectrometry analysis. Gas and liquid chro-

matography are the most popular and flexible techniques covering a wide range of physicochem-

ical properties. Capillary electrophoresis is also used in metabolomics for more specialized me-

tabolites due its performance in resolving polar and charged compounds (Zhang & Ramautar, 

2021).    

 

2.1.1 Untargeted Metabolomics 

Mass spectrometry based untargeted metabolomics is a powerful analytical technique for the 

comprehensive analysis of the metabolic composition of biological samples. One of the main ad-

vantages of this technique is its ability to identify and quantify many metabolites simultaneously. 

The large amount of data generated is also complex, and demand high performance bioinformatic 

tools  (Alonso, Marsal, & Julià, 2015).  
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Unlike targeted metabolomics, where only a limited number of known metabolites are analyzed, 

untargeted metabolomics provides a global view of the metabolic state of a sample. This allows 

researchers to uncover previously unknown metabolites and metabolic pathways, providing in-

sights into biological processes and mechanisms. 

Another advantage of mass spectrometry based untargeted metabolomics is its high sensitivity 

and specificity. Mass spectrometry can detect and quantify a wide range of metabolites, including 

small molecules, peptides, lipids, and even post-translational modifications, at low concentrations. 

This makes it possible to detect subtle changes in the metabolic profile of a sample, even in a 

complex matrix in the presence of other compounds. This sensitivity is particularly useful in the 

analysis of complex biological samples, such as tissues and fluids, where the metabolic compo-

sition can be influenced by a variety of factors, such as disease, genetic variation, or environmen-

tal factors. 

Untargeted metabolomics therefore is used as a discovery-based platform that allows hypothesis 

generation based on global detection of metabolites and relative quantification. Identification is 

achieved using databases/libraries to correlate accurate mass, fragmentation pattern and reten-

tion times.  

 

2.1.2 Targeted Metabolomics 

 

Targeted metabolomics focuses on the quantification of specific, pre-determined metabolites in a 

biological sample. The goal of targeted metabolomics is to measure the concentrations of specific 

metabolites of interest, such as amino acids, fatty acids, or other small molecules. Unlike untar-

geted metabolomics, which aims to analyze the entire metabolome of a sample, targeted metab-

olomics is focused on a specific set of metabolites. 

One of the main advantages of this technique is its high sensitivity and specificity, allowing for the 

detection and quantification of even low-abundance metabolites (Xiao, Zhou, & Ressom, 2012). 

This is particularly useful in situations where small changes in the levels of certain metabolites 

can have significant biological implications, such as in disease diagnosis or drug development. 

Mass spectrometry targeted metabolomics can also provide information on the structure and 

chemical identity of metabolites, which can be useful in determining their biological function.  
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Focusing on specific metabolites, allows for a more in-depth and precise analysis of biological 

processes, helping researchers to gain a better understanding of metabolic pathways and biolog-

ical functions. It is also useful in detecting small changes in the levels of specific metabolites, 

which can have significant biological implications. 

2.1.3 Metabolomics in medical research 

 

Metabolomics is a rapidly growing field of medical research. It provides a comprehensive picture 

of the metabolic state of a biological system, including changes in the levels of metabolites in 

response to genetic and environmental factors, such as disease and drugs. By analyzing the 

metabolic profile of a sample, the biological process underlying diseases and response to treat-

ment can be investigated for to new therapeutic targets, and discovery of biomarkers (Clish, 

2015). 

In recent years, advances in technology have allowed for high-throughput and large-scale analy-

sis of metabolites, enabling researchers to investigate complex metabolic networks and under-

stand the interactions between different metabolic pathways. Metabolomics has been applied in 

a variety of areas, including cancer research (Beger, 2013; McCartney et al., 2018), where it has 

been used to develop biomarkers for early detection (Barbosa et al., 2019) and prognosis (Hoang, 

Udupa, & Le, 2019). Additionally, metabolomics has been used to study the metabolic changes 

that occur in response to different diets (Laurens et al., 2020), to investigate the effects of envi-

ronmental toxins (Zhao et al., 2022), and to understand the complex interplay between genetics 

and metabolism in diseases such as obesity and diabetes  (Libert, Nowacki, & Natowicz, 2018). 
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3. Summary of analysis and results 

In this section, the scope of the studies that comprise this dissertation will be presented.  

3.1 Publication I and II 

In the first two publications we investigated metabolic alterations in children with Crohn’s disease 

during nutrition-based therapies.  

3.1.1 Introduction  

3.1.1.1 Crohn’s disease – Disease and therapy 

Crohn's disease (CD) is a chronic inflammatory bowel disease that affects the digestive system, 

causing a range of symptoms such as abdominal pain, diarrhea, weight loss, and malnutrition. 

The exact cause of Crohn's disease is unknown, but it is thought result from a combination of 

genetic and environmental factors (Fiocchi, 2015). There is currently no cure for Crohn's disease, 

but various treatment options are available to manage symptoms and improve quality of life. 

These include medications such as anti-inflammatory drugs and immunosuppressants, as well as 

surgical intervention in selected cases. The goal of therapy for Crohn's disease is to reduce in-

flammation and prevent complications, allowing individuals to lead a full and active life. 

3.1.1.2 Exclusive Enteral Nutrition – First line treatment for paediatric CD  

Exclusive enteral nutrition (EEN) is a therapeutic approach that involves providing all the patient's 

nutritional requirements through a liquid formula, excluding all other food. EEN has been used as 

a treatment for CD and is effective in inducing remission and improving symptoms in children and 

adolescents, making it a first-line treatment option for this population (Ashton, Gavin, & Beattie, 

2019) . 

The mechanism by which EEN induces remission is not fully understood, but evidence indicates 

that it works by reducing exposure of the inflamed gut to various stimuli, including food antigens, 

bacteria, and bile acids, which can worsen symptoms. EEN is also thought to modulate the gut 

microbiome and improve gut barrier function, thereby reducing inflammation and promoting heal-

ing (Day & Lopez, 2015). 
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3.1.1.3 Partial Enteral Nutrition 

Partial enteral nutrition (PEN) is a therapeutic approach that involves providing some, but not all, 

of a patient's calories intake through a liquid formula, allowing for the consumption of solid foods. 

PEN is less restrictive than exclusive enteral nutrition (EEN) allowing some degree of dietary 

freedom, however showing lower efficacy for inducing remission (Johnson, Macdonald, Hill, 

Thomas, & Murphy, 2006).   

3.1.2 Methods  

3.1.2.1 Samples  

Plasma samples are suitable to detect systemic variation in the human organism and provide a 

reliable reading of metabolic changes due to environmental exposure and nutrition (Sotelo-

Orozco, Chen, Hertz-Picciotto, & Slupsky, 2021). We used plasma samples drawn for prospective 

studies evaluating the impact of PEN and EEN in children with CD.  

3.1.2.2 Analytical method 

To profile the metabolome, plasma samples where extract using methanol, analysed by High 

Performance Liquid Chromatography (HPLC) coupled with a hybrid Quadrupole Time of Flight 

mass spectrometry (qTOF). After data processing, 318 features were annotated by in silico 

matching using accurate mass and fragmentation pattern.   

3.1.3 Results 

3.1.3.1 Publication I 

Results from the pairwise comparison after 12 months on PEN showed substantial difference 

between children with Crohn’s disease treated with PEN and non-PEN groups in the metabolome 

of CD patients in remission or with mild disease activity. Inflammatory markers were associated 

with individual metabolites and chemical classes such as isoprenoids and phospholipids. Identi-

fied compounds comprise metabolites produced by human or bacterial metabolism, as well as 

xenobiotics recognized as flavoring agents and environmental contaminants and their biotrans-

formation products. 
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3.1.3.2 Publication II 

Plasma samples from 14 pediatric Crohn’s Disease patients before and after 3–4 weeks on ex-

clusive enteral nutrition were analyzed. Among the 13 compounds which decreased during ex-

clusive enteral nutrition, most are related to diet, while one is a bacterial metabolite. 

Food additives and other phytochemicals were the major metabolites, which decreased following 

the exclusion of a regular diet during exclusive enteral nutrition. An alteration in bacterial bi-

omarkers may reflect changes in intestinal microbiota composition and metabolism 

 

3.2 Publication III 

In this study we explore targeted metabolomics to investigate metabolic changes and mechanism 

underling sarcopenia.  

3.2.1 Introduction 

Sarcopenia is defined as a progressive and generalized reduction in muscle mass and function, 

accompanied by a decline in muscle strength, power, and endurance, leading to physical frailty. 

The exact causes of sarcopenia are not well understood, but a combination of aging-related phys-

iological changes, including changes in hormone levels, reduced physical activity, and oxidative 

stress, has been implicated. 

3.2.2 Methods 

3.2.2.1 Samples  

Samples from 22 patients, (17 men) hip fracture patients undergoing surgery (8 sarcopenic, age 

81.4+6.3, and 14 non-sarcopenic, age 78.4±8.1) were used in this study.    

3.2.2.2 Analytical method 

For this study, targeted metabolomics was used and a panel of metabolites were measured, in-

cluding the following: 

• Amino acids; 

• Acyl carnitines; 

• Free fatty acids; 

• Bile acids. 

Data were acquired using HPLC coupled to triple quadrupole mass spectrometers (QQQ). 
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In addition to the metabolomics data, IGF‑I and IGFBP3 were measured using an automated 

chemiluminescent assay system. 

3.2.3 Results 

Citrulline was the only metabolite found significantly different between patients with sarcopenia 

and controls by using univariate analysis, after correcting for multiple testing. Multivariate model-

ing allowed the detection of the non-esterified fatty acid 26:2, and decanedioyl carnitine as the 

top three metabolites.  

These findings point to a potential link between sarcopenia and mitochondrial dysfunction and 

portraits several possible biochemical pathways which might be involved in the disease patho-

genesis. 
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4. General Conclusions 

4.1 Crohn’s disease 

The first two publications investigating the metabolic response to nutrition therapies in children 

with Crohn’s disease are descriptive and present a readout on metabolic alterations. This untar-

geted approach provided valuable insights on the etiopathogenesis of CD, however it shows as-

sociation between treatment outcome and metabolic phenotype and not a causal relationship. 

The association between xenobiotics and inflammation status in both studies reinforce the rele-

vance of the environmental factors as important players in the pathogenesis of CD, however, the 

mechanism of their involvement is unclear. In the second publication, the decrease in Theophyl-

line/Theobromine and Bacteriohopane-32,33,34,35-tetrol, lead us to hypothesize the role of xe-

nobiotics in modulating microbiota composition, by triggering and/or sustaining outgrowth of 

harmful bacterial species associated with epithelial invasion. On a clinical setting, exclusive en-

teral nutrition seems to be effective by depleting the ingestion of exogenous compounds on a 

comprehensive approach, however it would hardly impact the quality of life of children if sustained 

for long periods. Therefore, the identification of chemical compounds associated in triggering 

and/or onset CD is of high importance. The putative identification of Theophylline/Theobromine, 

a compound present in chocolate and its derivatives, should therefore be validated, and, in case 

of positive findings, recommended to be excluded from the diet of children with CD. Another re-

current finding, is the association of lipids and disease status and response to treatment. Although 

both studies found lipids associated with CD, the methods used were not suitable for a compre-

hensive lipidome readout, therefore, further studies are warranted to better understand the role 

of lipids in CD.  

4.2 Sarcopenia 

The use of a targeted platform on samples from sarcopenic patients allowed to formulate a mech-

anistic theory underlying muscle loss in elderly’s patients. The association of increased VLC-FA 

with sarcopenia z-score may strength the hypothesis of mitochondrial disfunction causing accu-

mulation of these species. This study may be translated for clinical practice by recommending, 

on top of muscle exercise, evaluating the use of natural antioxidants, such as selenium containing 

food, or oral supplementation to improve mitochondrial health and respiration capacity, in addition 

with a low carbohydrate diet aiming reducing insulin levels promoting a “free path” for lipids oxi-

dation.  
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5. Paper I 

The following pages present the publication: Marques JG, Shokry E, 

Frivolt K, Werkstetter KJ, Brückner A, Schwerd T, et al. Metabolomic 

Signatures in Pediatric Crohn's Disease Patients with Mild or Quies-

cent Disease Treated with Partial Enteral Nutrition: A Feasibility 

Study. SLAS Technol. 2021;26(2):165-77. 

 

DOI: 10.1177/2472630320969147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 



 19 



 20 



 21 



 22 



 23 



 24 



 25 



 26 



 27 



 28 



 29 



 30 

 



 31 

6. Paper II 

The following pages present the publication: Marques JG, Schwerd 

T, Bufler P, Koletzko S, Koletzko B. Metabolic changes during exclu-

sive enteral nutrition in pediatric Crohn's disease patients. Metabo-

lomics. 2022;18(12):96. 
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7. Paper III 

The following pages present the publication:  

Marques J, Shokry E, Uhl O, Baber L, Hofmeister F, Jarmusch S, et 

al. Sarcopenia: investigation of metabolic changes and its associated 

mechanisms. Skeletal Muscle. 2023;13(1):2. 

DOI: 10.1186/s13395-022-00312-w 
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