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2. Introductory summary

Here | 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, & Julia, 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.



11

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 Publicationland Il

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).



13

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 |

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 Il
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 Il

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:

e Amino acids;

e Acyl carnitines;
e Free fatty acids;
e 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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Metabolomic Signatures in Pediatric
Crohn’s Disease Patients with Mild or
Quiescent Disease Treated with Partial
Enteral Nutrition: A Feasibility Study

Jair Gonzalez Marques'”, Engy Shokry'*, Klara Frivolt'?,
Katharina Julia Werkstetter', Annecarin Briickner', Tobias Schwerd',
Sibylle Koletzko'?, and Berthold Koletzko'

Abstract

Little is known about the metabolic response of pediatric Crohn’s disease (CD) patients to partial enteral nutrition (PEN)
therapy and the impact of disease activity and inflammation. We analyzed plasma samples from a nonrandomized controlled
intervention study investigating the effect of partial enteral nutrition (PEN) on bone health and growth throughout one
year with untargeted metabolomics using high-performance liquid chromatography (HPLC) coupled with high-resolution
mass spectrometry (HRMS). Thirty-four paired samples from two time points (baseline and 12 months) were analyzed.
Patients (median age: 13.9 years, range: 7-18.9 years, 44% females) were in remission or had mild disease activity. The
intervention group received a casein-based formula for 12 months, providing ~25% of estimated daily energy requirements.
Sparse partial least squares discriminant analysis (splsda) was applied for group discrimination and identifying sources of
variation to identify the impact of PEN. We also investigated the correlation of metabolites with inflammation markers,
including erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and fecal calprotectin. After 12 months, our
results show substantial difference between PEN and non-PEN groups in the metabolome of CD patients in remission or
with mild disease activity. Inflammatory markers were associated with individual compounds and chemical classes such as
isoprenoids and phospholipids. Identified compounds comprise metabolites produced by human or bacterial metabolism, as
well as xenobiotics recognized as flavoring agents and environmental contaminants and their biotransformation products.
Further longitudinal studies that also include patients with higher disease activity are warranted to evaluate the suitability
of these metabolic biomarkers for predicting disease activity.

Keywords
enteral nutrition, inflammatory markers, pediatric inflammatory bowel disease, untargeted metabolomics, xenobiotics

Introduction

Enteral nutrition (EN) therapy is effective in pediatric
Crohn’s disease (CD) patients. Most published studies
investigated exclusive enteral nutrition (EEN) or, more
recently, specific exclusion diets.! Partial enteral nutrition
(PEN), or nutritional supplementation with liquid formulas
that provides 35-50% of habitual caloric intake with contin-
ued consumption of a normal diet, has also been applied as a
dietary therapy for improving the nutritional status of chil-
dren with CD.2 Although PEN was not effective in induc-
ing disease remission, it can help to maintain remission in
patients who were initially treated with EEN >*-¥ Data on the
long-term efficacy of PEN for maintenance of remission in
pediatric CD patients are inconclusive, and PEN’s mecha-
nisms of action are not understood.’ Hypotheses were gener-
ated on the impact of EN intervention on the gut microbiome,
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mucosal integrity, and the immune system, the three com-
ponents of the current inflammatory bowel disease (IBD)
paradigm.'® Some studies investigated dietary effects on the
intestinal microbiota by tracing changes in the levels of
some bacterial metabolites, while others investigated the
potential impact on gene regulation for cell growth and
inflammatory pathways.'®!7 Studying the effects on the
metabolome, characterizing small molecules that are inter-
mediate or end products of biochemical reactions, may pro-
vide insights on an individual’s genome and its interactions
with environmental exposures that affect cellular metabo-
lism and functions.®!* We have previously applied targeted
metabolomics to investigate the impact of PEN therapy on
the metabolic profile of pediatric CD patients in remission.?®
In the present work, we assess the feasibility of liquid chro-
matography—quadrupole-time-of-flight tandem mass spec-
trometry (LC-QTOF-MS/MS) to explore a more global
picture of impacts of PEN therapy and to investigate the
potential of the technique in CD biomarker research, espe-
cially in patients in remission.

While targeted metabolomics quantifies a defined set of
metabolites of interest, untargeted mass spectrometry (MS)-
based metabolomics enables comprehensive profiling of up
to 4000 distinct molecules involved in different metabolic
pathways in a few microliters of plasma.?' The untargeted
approach may be applied in the study of conditions when
the affected metabolic pathways are unknown.?'* A few
studies**?¢ applied targeted and untargeted metabolomics
to identify signatures for CD; however, none has been con-
ducted to evaluate the impact of PEN adjunctive therapy
on the metabolic profiles of pediatric CD in remission or
mild disease activity. We also investigated associations
between metabolome and markers reflecting the degree of
inflammation.

Materials and Methods

Patient Cohort and Samples

This study was performed with samples obtained in a pro-
spective nonrandomized controlled intervention trial®® to
assess the effect of PEN on bone-muscle geometry in CD
patients aged 6-19 years with quiescent or mild disease
based on the mathematically weighted pediatric CD activity
index (WPCDAI)*” Patients in the intervention group
received a casein-based complete liquid formula (Modulen
IBD, Nestlé, Frankfurt/Main, Germany), providing for a
duration of 12 months ~25% of daily energy requirements,
estimated based on reference values from the German,
Austrian, and Swiss nutrition societies for children, adoles-
cents, and adults.?® Patients who did not agree to PEN treat-
ment were assigned to the control group and followed by the
same protocol. Both groups continued their medical mainte-
nance treatment. Disease activity, biochemical parameters,

and ethylenediaminetetraacetic acid (EDTA) plasma were
collected at baseline and then every 3 months for up to one-
year follow-up. Forty-two patients were recruited between
February 2016 and March 2017 in the Department of
Pediatrics of the two university hospitals in Munich (LMU
Munich and Technical University Munich). Samples from
baseline (t0) and after 12 months of follow-up (t12) were
selected for analysis. Paired samples were available from 34
CD patients. CRP, ESR, fecal calprotectin, and leucocyte
count [white blood cells (WBCs)] were determined as part
of routine clinical care.

Sample Preparation

Blood was drawn in EDTA-blood collection tubes (S
Monovette, Sarstedt, Numbrecht, Germany), and tubes
were placed immediately on crushed ice. Within 30min,
plasma was separated from cells in a precooled centrifuge,
aliquoted in cryotubes, and stored at ~80°C until further
analysis. Preanalytical handling of samples was kept identi-
cal throughout the study period. On the day of analysis,
samples were thawed on ice. For protein precipitation and
sample extraction, 100 pL of plasma were transferred into
a 1.5mL Eppendorf tube, and 900 pL of ice-cold high-
performance liquid chromatography (HPLC)-grade metha-
nol was added, vortexed for 30s, and set on freezer at
~20°C for 30min. The tubes were centrifuged at 4000 g
for 10min, and the supernatant was filtered using a polytet-
rafluoroethylene (PTFE) 45 um 96-well filter plate. The fil-
trate was transferred to vials and kept at —80°C prior to
analysis. To prepare a quality control (QC) sample, 100 pl,
of each sample extract was pooled together for analysis.
Plasma QC samples were used to provide a representative
sample containing all plasma samples. QC sample was
injected in the beginning of the analysis and then after every
fifth study sample to guarantee reproducibility.

Analytical Method: LC-QTOF-MS(/MS)

The LC-QTOF-MS(/MS) experiments were performed ona
1290 Infinity IT HPLC system coupled to a 6545 Q-TOF
(both from Agilent, Santa Clara, CA). Chromatographic
separation was achieved using a Poroshell 120 EC-C18
(2.1 X 150mm, 2.7 pm) column (Agilent). The column
oven was set to 40°C; the autosampler was set to 10°C.
Analysis was performed with the instrument in the 2 GHz,
extended dynamic range in the positive (POS) and negative
(NEG) ionization modes using an Agilent Jet Stream (AJS)
electrospray ionization (ESI) ion source, using the follow-
ing operation parameters: capillary voltage: 3500 V (POS) /
4000 V (NEG); nozzle voltage 0 V (POS) / 500 V (NEG);
nebulizer pressure: 40 psi (POS and NEG); gas tempera-
ture: 290°C (POS and NEG); sheath gas flow: 12 L/min
(POS and NEG); sheath gas temperature: 380°C (POS and
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NEG), fragmentor voltage: 170 V (POS and NEG); skim-
mer voltage: 65 V; and octupole radio frequency (RF): 750 V
(POS and NEG). Data were acquired using MassHunter
Acquisition B.09.00 software (Agilent) by injecting 6 pL of
extract in a 16 min run at a flow rate of 0.4 mL/min using a
gradient with the following mobile phases: A, water (0.1%
formic acid); and B, methanol (0.1% formic acid). Gradient
elution was performed with an initial mixture of 5% B and
95% A, then increased to 60% B throughout 4 min, to 99%
B at 12 min, held until 14 min, returned to 5% B at 15.1
min, and held to 16 min.

LC-QTOF-MS Analysis

The QC samples were injected in triplicate in the full-scan
MS acquiring mode from 100 to 1050 m/z, in the POS and
NEG ion modes, to create an inclusion list to be used in the
auto MS/MS mode. The data obtained in the MS experi-
ment from the QC samples were extracted using the batch
recursive feature extraction algorithm in MassHunter
Profinder B.08.00 software (Agilent), then the features
were evaluated individually among the replicates to ensure
reproducibility and exported as CEF (Cluster Exchange
Format) files. Mass Profiler software (Agilent) was used for
alignment of features using retention time (RT) tolerance of
up to 0.3 min and mass tolerance of =15 ppm. Features
with 100% occurrence in the replicates were used to create
a target MS/MS inclusion list.

LC-QTOF-MS/MS Analysis

Data were acquired using data-dependent acquisition
(DDA) (auto MS/MS mode) using the features present in
the target MS/MS inclusion list as preferred for fragmenta-
tion, using a delta m/z of 15 ppm and delta RT of 0.15 min.
A collision cell operates with fixed collision energies of 10,
20, and 40 eV, using nitrogen as collision gas. The acquisi-
tion mass ranges used were 100 to 1050 m/z at 4 spectra/s
in the MS and 50-800 m/z at 3 spectra/s in the time of flight
(TOF) for the fragments generated in the collision cell (MS/
MS). The precursor threshold was set as 1000 counts (abso-
lute) and 0.01% (relative) with active exclusion of two
spectra for 0.2 min and five maximum precursors per cycle.

Data Processing

Samples acquired on auto MS/MS acquisition mode were
extracted using the batch recursive feature extraction algo-
rithm in Profinder B.08.00. The features were evaluated indi-
vidually, and data were exported as CEF files. Mass Profiler
Professional (Agilent) was used for alignment, normaliza-
tion, and quality control. Raw data were normalized using a
quantile algorithm, and features with less than 100% occur-
rence between the QCs and with a coefficient of variance

higher than 25% were excluded. Principal component analy-
sis was used to perform a QC on samples to exclude any out-
lier by visual inspection. Identification of features was
performed by library search using Mass Hunter METLIN
Personal Compound Database and Library (PCDL) (Agilent)
at the MS/MS level. The features that did not match with the
library compounds had their formulas generated by a molec-
ular formula generator (MFG) algorithm. Analysis of the QC
samples in the full-scan MS acquisition mode resulted in the
detection of 2599 features in the negative-ion mode and 2074
features in the positive-ion mode. A preferred precursor mass
list was built from these features that was used in the auto
MS/MS acquisition mode for the study samples. After QC, a
total of 322/140 features was putatively identified using MS/
MS data, and 52 and 85 features had the formula generated in
the negative and positive ion modes, respectively. The data
were then exported in CSV (comma-separated values) format
for statistical analysis.

Statistical Analysis

Statistical analysis was performed independently on the
generated datasets comprising 374 and 225 annotated com-
pound peak lists in NEG and POS modes, respectively.
Each dataset was composed of paired sample data for con-
trol (Non-PEN) and intervention (PEN) groups at two time
points (baseline, and after 12 months of treatment with or
without PEN). As a first step, sparse partial least squares
discriminant analysis (splsda) analyses were performed
using the absolute concentrations at the two time points to
visualize the group separation. Then, to eliminate observed
baseline differences, relative concentrations were used to
build the model, which were calculated by dividing the
metabolites” concentration data for the second time point
(12 months) by the respective baseline concentrations. For
model optimization, a tuning process using M-fold cross
validation (CV) was carried out for the selection of param-
eters giving the best model performance [number of princi-
pal components (PCs) and key metabolites to keep in each
PC (keep X)]. Accordingly, three PCs were selected for the
POS and NEG ion mode datasets with a keep X of (30, 9, 8)
and (24, 34, 34) key metabolites for the two PCs,
respectively.

Another aspect of the analysis was to investigate which
metabolites correlated most with markers used in assessing
clinical and biochemical disease activity, comprising CRP,
ESR, WBCs, and fecal calprotectin. For this purpose, an
integrative analysis [sparse partial least squares (spls)]
model was applied on the within-group matrices of the
matched datasets. Respectively, multilevel spls models
were built for both positive and negative modes, and tuning
was performed for selection of the optimum features giving
the best model performance in terms of regression coeffi-
cient (R?), mean squared error of prediction (MSEP), root
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Table |. Baseline Patient Characteristics: Subcohort of a Nonrandomized Intervention Trial on PEN in Pediatric CD Patients.””

Non-PEN PEN
Patient Characteristics (n=18) (n=16) pValue
Gender (male/female) 177 8/8 nfa
Age at diagnosis (years) 87 + 3.6 108 = 2.6 0.06
Age at study inclusion (years) 12:9.2:3:2 146 = 1.9 0.07
Time (years) of IBD until study inclusion 42+28 37525 0.65
Positive family history 5/18 6/16 nfa
Extra-intestinal involvement 4/18 5/16 nfa
Disease location LI Terminal ileum 2/18 1716 nfa
L2 Colon 7/18 4/16 nfa
L3 lleocolonic 9/18 11/16 nfa
+L4 (Upper Gl tract) 16/18 8/16 nfa
Disease behavior BI Nonstricturing, nonpenetrating 17/18 14/16 nfa
B2 Stricturing 1718 2/16 nfa
B3 Penetrating o/18 o/16 nfa
Perianal involvement 7/18 3/16 nfa
Therapy at baseline Azathioprine 10/18 7/16 nfa
S-Aminosalicylates 318 4/16 nfa
Infliximab 12/18 /16 n/a
Methotrexate 2/18 2/16 nfa
Adalimumab 1718 o/16 nfa
Disease activity Remission (WPCDAI < 12.5) 16/18 14/16 nfa
Mild disease (WPCDAI= |2.5 = 40) 2/18 2/16 nfa

CD: Crohn’s disease; Gl: gastroi inal; IBD: infl
index.

y bowel disease; PEN: partial enteral nutrition; wPCDAI: weighted pediatric CD activity

IBD phenotype was determined according to disease activity according to wPCDALY

mean squared error of prediction (RMSEP), and prediction
residual error sum of squares (PRESS). Then, correlations
between the metabolome and the inflammation markers
were visualized using a clustered image map (CIM) and
correlation circles plots. The entire data analysis was per-
formed in R using the mixOmics package (http://cran.r-
project.org).*

Ethics

Ethical Committees of LMU Munich (no. 690-15) and
Technical University Munich (no. 316/16 S) reviewed the
study protocol. Written informed consents of adult patients
and of minor patients’ parents or caregivers, and age-appro-
priate assent of patients, have been obtained. The study was
registered at the German Clinical Trials Registry (no.
DRKS00010278).

Results
Impact of Partial Enteral Nutrition

We analyzed 34 paired samples obtained at baseline and
after 12 months from the control (Non-PEN, n= 18) and
intervention (PEN, n= 16) groups, respectively. Patient

details are shown in Table 1. Results of the splsda analyses
using the absolute concentrations at the two time points
showed significant baseline differences between the non-
randomized control (Non-PEN) and intervention (PEN)
groups, which were evident in group separation, especially
using the POS data (Suppl. Fig. S1). Differences at baseline
make it difficult to determine whether the separation in the
subsequent time point was due to the treatment or just an
extension of the encountered baseline differences (e.g., age
difference before initiation of treatment). Similar to our pre-
vious approach using targeted metabolomics,* we used
relative concentrations to build the splsda models, as previ-
ously described in the Materials and Methods section. By
applying relative concentration data, almost complete sepa-
ration was obtained between the treatment groups at t12,
which was evident in the score plot (Fig. 1). Using the POS-
mode data, all samples of the two groups (Non-PEN and
PEN) were completely separated on the first PC (PC1)
except two samples, one of which was lying exactly on PC1
(Fig. 1A). In contrast, a less efficient separation was
obtained using the NEG-mode data, in which six out of 34
samples were not separated on PC1 and were located with
the other treatment group on the same side of PC1 (Fig.
1B). Thus, the models were able to accurately separate 94%
and 82% of samples using the POS and NEG modes,
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Figure 1. Sparse partial least squares discriminant analysis (splsda) score plot of the relative concentration data of the plasma
metabolome of patient samples for the control [Non-PEN (partial enteral nutrition)] and intervention (PEN) groups in the (A)
positive-ion (POS) and (B) negative-ion (NEG) modes at 12 months post intervention (t12).
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Figure 2. The loading plot represents the key features selected for the first principal component (PCI) of the sparse partial least
squares discriminant analysis (splsda) models in the (A) positive-ion (POS) and (B) negative-ion (NEG) modes. Colors indicate the
group in which the mean concentrations of the metabolite are maximal.

respectively. The selected features (key metabolites) for
PC1 using both POS- and NEG-mode data are shown in
Figure 2. In the POS mode, more than half of the key
metabolites driving the group separation were unidentifed,
including the metabolite showing the highest variable
importance (Fig. 2A). Among the key features showing the
highest importance, however, are [6]-gingerdiol 5-O-beta-
D-glucopyranoside, alpha-allokainic acid, guaiazulene,
tubulosine, L-olivosyl oleandolide, 2,4-dinitrophenol, and
three peptides (Glu-Ile, His-Met-Leu, and Val-Tyr-Ile). The

control (Non-PEN) group showed higher levels of the first
five compounds and the peptide Glu-Ile, while the interven-
tion group (PEN) showed higher levels of L-olivosyl olean-
dolide, 2.4-dinitrophenol, and the other two peptides
(His-Met-Leu and Val-Tyr-Ile). In the NEG data, the five
major metabolites driving the group separation were PS
16.0/19.0, 1,3-dichlorobenzene, methyl 1-(propylsulfinyl)
propy! disulfide, amino (methoxysulfinyl) pentasulfide, and
meta-tyrosine (Fig. 2B). The intervention group showed
higher levels of principally PS 16.0/19.0 in addition to
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Figure 3. Clustered image map (CIM) obtained by a sparse partial least squares (spls) model using metabolomics data in positive-ion
mode. The plot shows pairwise correlations between the metabolite species and biochemical markers, applying a threshold value of
0.4. The red and blue colors indicate positive and negative correlations, respectively, whereas yellow indicates small correlation values.
The metabolites and the biochemical markers are clustered on the left and the top sides of the CIM, respectively.

methyl 1-(propylsulfinypropyl disulfidle and amino  features, which yielded R? values of 0.58, 0.52, 0.40, and
(methoxysulfinyl) pentasulfide. Other phospholipids (PLs)  0.54 for CRP, ESR, WBC count, and calprotectin, respec-
were found among the discriminating components between  tively. Considering the obtained R? values, the models were
the control and intervention groups, such as PS(18:0/18:0), considered of moderate to high predictive accuracy for all
PI[18:2(9Z,127)/22:6(4Z,7Z,10Z,13Z2,16Z,19Z)], inflammation markers.’* Selection of the optimal model
PE-Cer[d16:1(4E)/20:0], and PS[22:4(7Z,10Z,13Z,16Z)/  dimensions and features comprising each dimension was
19:0], which showed higher levels in the intervention group tuned to obtain the best model performance assessed in
(PEN) relative to the control group (Non-PEN) in all com- terms of highest R? and lowest MSEP and RMSEP.
pounds except for PS[22:4(7Z,10Z,13Z,16Z)/19:0]. The The CIM plot shows three major clusters, the first of
control group showed higher levels of 1,3-dichlorobenzene. which comprises the WBCs, while the second comprises
CRP, and the third comprises ESR and calprotectin (Suppl.
Associations of Inflammatory Biomarkers Fig. 82). To facilitate the interpretation, we investigated the
and the Metabolome Scanned in obtained correlations exceeding an arbitrary threshold of
0.4, as shown in Figure 3.

We observed a cluster of metabolites all negatively asso-
Based on the clinical disease activity score of wPCDAILZ ciated with both ESR and fecal calprotectin; however, a
30 patients were in remission, and four patients had mild  higher correlation was obtained with the latter. This cluster
disease (Table 1). Accordingly, elevated levels of systemic comprised five metabolites, one of them not recognized by
inflammation markers, such as CRP (=1 mg/dL),® ESR  matching with the PCDL library search (C13H20N204);
(=15 mm/h for boys and =20 mm/h for girls),’' and WBC  the remaining four metabolites were denoted as 7E,9E
count (>11X10%L),’ were found in only single patients,  11-dodecatrienyl acetate, 10, 25-dihydroxy-25,25-diphenyl-
but more patients showed increased levels of fecal calpro- 26,27-dinorvitaminD3, 4-benzy 1-oxy-2'-hy droxy-3,4',5',6'-
tectin (=50 mg/L),” a sensitive biomarker of intestinal  tetramethoxychalcone, and withaperuvin E. These four
inflammation (Suppl. Fig. S4). metabolites were also negatively associated with CRP,

albeit to a lesser extent. Generally, a global view of the CIM
Positive-lon Mode. Using the POS-mode data, a spls model plot shows that only ESR and calprotectin majorly shared
was built after thoroughly selecting the number of PCs and  the same directions of associations with the key metabolites

Positive-and Negative-fon Modes
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selected by the model, except for two metabolites: (10S)-
3,7,10-trimethyl-1,3a.4,8,9,9a,10,10a-octahydrocy
clopenta[b] quinolizine-2-carbaldehyde and an unidentified
compound (C12H20N203).

CRP is associated negatively with a metabolite cluster
comprising L-olivosyl oleandolide, musk xylene, and an
unknown metabolite (COH16N505), which were, however,
positively associated with fecal calprotectin and ESR.
Another metabolite cluster of three unannotated compounds
(C18H23NO4, C27H48N3011, and C27H51N4011) posi-
tively associated with all the investigated inflammatory
markers, particularly the WBC count, which showed the
closest positive association. Apart from the clusters dis-
cussed, we detected high positive correlations of an uniden-
tified compound (C12H20N203) with CRP. The lowest
inverse correlation was found between calprotectin and
1o, 25-dihydroxy-25,25-diphenyl-26,27-dinorvitamin D3.

Negative-fon Mode. Using the NEG-mode data, the investi-
gated inflammatory markers showed the same clustering
behavior as that seen using the POS-mode data, in which
ESR and calprotectin formed one cluster, which together
with CRP gave rise to another cluster, while the WBC
count clustered separately (Suppl. Fig. S3). To focus on
only the higher meaningful correlations, we applied a cor-
relation threshold value of 0.4, and then we replotted the
CIM (Fig. 4).

A cluster of lipid metabolites comprising long-chain
fatty acids with four PLs (PS 21:0/18:0, PS 22:2/19:1, PS
18:4/20:0, and PE 22:6/21:0) and one 2-hydroxy ceramide
(Cer t18:0/24:0, 2-OH) showed a close inverse correlation
with ESR and CRP, and to a lesser extent with calprotectin,
but almost no correlation for WBC count except for PE
22:6/21:0. ESR, CRP, and calprotectin also showed similar
patterns of correlation with 1-chloro-2,2-bis(4’-chlorophe
nyl)ethylene and an unannotated compound (C16H4N20
9S2). The greatest discrepancies between CRP and ESR
were inverse correlations of CRPto saccharin and 4-dodecyl
benzene sulfonic acid, while these correlated positively to
ESR. Similar to ESR, calprotectin correlated positively
with 4-dodecyl benzene sulfonic acid, albeit with a much
closer correlation. Calprotectin showed a close inverse
association with a cluster of three metabolites—1-chloro-
2,2-bis(4'-chlorophenyljethylene, 3-methylbutyl-3-oxobuta
noate, and 1-(9H-pyrido[3,4-b]indol-1-y1)-1,4-butanediol—
which were also negatively correlated with CRP but to a
lesser extent. Apart from the previously mentioned clusters,
we detected close positive and negative correlations of
WBC count with 1,3-dichloropropanol (1,3-DCP) and ace-
tyl-N-formyl-5-methoxykynurenamine (AFMK), respec-
tively. The number of PCs and features used in building the
spls model between the metabolome in the NEG mode and
the inflammation markers was optimized using the previ-
ously mentioned model performance parameters. The model

could predict all the inflammatory markers with high accu-
racy, with R? values of 0.56, 0.73, 0.45, and 0.76 for CRP,
ESR, WBC count, and calprotectin, respectively.

Discussion

Impact of PEN Treatment

Our results show a remarkable effect of 12 months of PEN
treatment, compared to a normal self-selected diet, on the
metabolome of pediatric CD patients in remission or with
mild disease activity. This was evident in the substantial
separation between the PEN and non-PEN groups, espe-
cially using the POS-mode relative concentration data.
These results agree with our previous findings in the same
patients using targeted metabolomics,® in which we
detected significant differences during the one year of nutri-
tional intervention, especially after 3 months of PEN treat-
ment. In the present work, however, only samples from
baseline and t12 were analyzed.

In the POS mode, more than half of the compounds
responsible for the separation were unidentified, including
the most important one (Fig. 2A). The remaining metabo-
lites were mostly single species rather than metabolite
groups, which could be food constituents present as additives,
spices, or contaminants such as [6]-gingerdiol 5-O-beta-
D-glucopyranoside,®® guaiazulene,®® tubulosine,?” 1,4-dini-
trophenol,*® or bacterial metabolites such as L-olivosyl
oleandolide?® There were, however, a number of peptides
comprising essential amino acids (Glu-Ile, His-Met-Leu,
and Val-Tyr-Ile), whose difference between the groups
(Non-PEN and PEN) could be relevant to the consumption
of the formula. Modulen IBD is a whole-protein casein-
based formula; therefore, an impact on patients’ protein and
peptide levels may be expected in patients receiving the
formula.

In the NEG-mode data, we observed that the metabolite
most driving the group separation was PS 16.0/19.0, a phos-
phatidy] serine comprising palmitic acid. This finding sup-
ports our previous findings using the targeted metabolomics,
in which the wide majority of the metabolites driving the
group separation in targeted analysis were PCs, mostly com-
prising palmitic acid, the major fatty acid (FA) representing
>30% of the total FA in the formula provided to the PEN
patients.*® As shown in the loadings plot (Fig. 2B), more PL
species showed higher levels in the intervention group, which
indicates a possible increase in PL synthesis with the formula
consumption. Similar to the POS data, some of the key
metabolites for the group discrimination were single species
like 1,3-dichlorobenzene, which is the second most impor-
tant loading. 1,3-Dichlorobenzene is used in herbicides,
insecticides, medicine, and dyes, and therefore it can be a
potential environmental contaminant from different sources
such as food, water, or air pollution® Two compounds,
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Figure 4. Clustered image map (CIM) obtained using a sparse partial least squares (spls) model using metabolomics data in negative-
ion mode, showing pairwise correlations between the metabolite species and biochemical markers applying a threshold value of 0.4.
The red and blue colors indicate positive and negative correlations, respectively, whereas yellow indicates small correlation values.
The metabolites and the biochemical markers are clustered on the left and the top sides of the CIM, respectively.

methyl 1-(propylsulfinyl)propyl disulfide and amino (meth
oxysulfinyl) pentasulfide, are also recognized as food con-
stituents and used as potential biomarkers for the consump-
tion of specific foods.*>* In contrast, m-Tyr is a product of
nonenzymatic free radical oxidative modification of phenyl-
alanine (Phe) residues. It is a rare metabolite present in low
concentrations under physiologic circumstances, and its ele-
vated levels were linked to protein damage.* m-Tyr was
identified among the most discriminating metabolites
between the Non-PEN and PEN groups post intervention,
with higher levels in the control group. This could imply the
amelioration of the protein damage in subjects receiving the
formula, relative to subjects in the control group. Clinically,
PEN therapy was found to improve growth in a PEN sub-
group of pre- and early pubertal patients with growth poten-
tial, as previously reported by our group.”’ In this sense, the
present work using the untargeted approach confirmed the
results obtained by the targeted approach and was able to
detect more metabolic differences associated with the con-
sumption of the formula. These findings support the com-
bined use of targeted and untargeted metabolomics as
comp lementary strategies to maximize information on patient
samples.

Associations of Inflammatory Biomarkers
and the Metabofome

The patients included in the cohort were clinically stable,
either in remission or with low WPCDAI scores (Suppl.
Fig. S4). Accordingly, levels of inflammatory markers were
generally low and in the normal range for the majority of
the subjects. Nonetheless, we analyzed the association of
clinical markers with metabolites as a hypothesis-free
explorative study on potential metabolic alterations at a
relatively low inflammatory state.

Positive-fon Mode

Our results show associations between inflammatory mark-
ers and clusters of metabolites, as well as single metabolite
species related to inflammation. One major metabolite clus-
ter was composed of chemically and structurally related
compounds comprising one or more isoprenoid units, which
showed similar inverse correlation patterns with ESR and
fecal calprotectin. The members of this cluster were dode-
catrienyl acetate (sesquiterpenoid), 25-dihydroxy-25,25-
diphenyl-26,27-dinorvitamin D3 (triterpenoid), withaperuvin
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E (sesquiterpene lactone), and 4-benzyl-oxy-2'-hydroxy-
3',4'5" 6'-tetramethoxychalcone (flavone derivative). Iso-
prenoids have been previously related to treatment and
prevention of autoimmune diseases by acting as reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
activators, thus providing normal or increased levels of
NADPH oxidase, while decreased NADPH oxidase activity
has been related to disease progression.** In other reports,
diterpenoids and triterpenoids were reported at significantly
lower levels in CD patients than in healthy controls.*
Among this cluster, 25-dihydroxy-25,25-diphenyl-26,27-
dinorvitamin D3, a derivative of vitamin D3, showed the
highest inverse correlation with fecal calprotectin. Vitamin
D deficiency was repeatedly reported in patients with [BD;
however, it is controversial whether it 1s merely a conse-
quence of the disease or contributes to the inflammatory
condition.*” Decreased vitamin D3 levels may be attributed
to less outdoor activity and sunshine exposure due to lower
general well-being and possibly also to reduced lipid
absorption, both associated with chronic intestinal disease.
Withaperuvin E is a plant-derived steroid* that belongs to a
family of compounds with potential anti-inflammatory
activity mediated by inhibition of tumor necrosis factor
alpha (TNF-o)-induced nuclear factor kappa B (NF-kB)
activity.*  4-Benzyl-oxy-2'-hydroxy-3',4',5',6'-tetrametho
xychalcone is a flavone derivative with activity against
ulcers, gastritis, and IBD.*®

Another cluster comprising L-olivosyl oleandolide (a
bacterial metabolite),’® musk xylene, and an unknown
metabolite (COH16NS505) was inversely correlated with
CRP, and alternatively positively correlated with fecal cal-
protectin and ESR. There were no reports linking either of
these compounds to CD; however, concerns were raised
regarding the toxic and carcinogenic effects of musk xylene,
a synthetic fragrance used as a fixative in cosmetics and
perfumes and a potential water contaminant.’ In the POS-
mode data, some of the strong correlations could not be
interpreted due to the unknown identities of the compounds,
including the C12H20N203 correlated with CRP and the
cluster of metabolites closely correlated with the WBC
count, of which three members were unannotated.

Negative-lon Mode

Inflammatory markers were associated with a lipid cluster
comprising phospholipids and ceramides, with xenobiotics
comprising sweeteners, flavors, food additives, and con-
taminants. This reflects that inflammation in CD may be
triggered or modulated by exogenous and endogenous
factors.

Similar to the results obtained using data in the POS
mode, a group of structurally related metabolites compris-
ing phospholipids containing long-chain fatty acids
(LCFAs) and ceramides clustered together, showing high
negative correlations with ESR and CRP, the two most

recognized inflammatory markers in IBD. Calprotectin
showed inverse or no correlation with the same cluster.
Other studies have linked CD to disturbed lipid metabolism,
especially regarding sphingolipids and phospholipids.®*?
These compounds play crucial roles in maintaining barrier
function as well as modulating inflammation and immu-
nity.*! Moreover, ceramides decrease the release of TNF
and induce autophagy, a process strongly implicated in the
pathogenesis of CD, in addition to their impact on cell sig-
naling.****7 Elevated levels of phospholipase A2 (PLA2)
were reported in serum and colonic mucosa of IBD
patients.*® PLA2 are enzymes hydrolyzing phospholipids
into lysophospholipids, which were proposed to be involved
in the inflammatory process and pathogenesis of IBD.*6°
ESR, CRP, and calprotectin correlated negatively with
1-chloro-2,2-bis(4’-chlorophenyl)ethylene; however, we
found no previous reports linking 1-chloro-2,2-bis chloro-
phenyl ethylene to IBD to provide an explanation for this
finding. The artificial sweetener saccharin was positively
associated with ESR. Artificial sweeteners, like saccharin
and sucralose, were previously linked to increased IBD risk,
with a proposed inhibition of gut bacteria and digestive pro-
teases, and thus enhanced digestion of the mucus layer and
gut barrier considered the “bacteria-protease-mucus-barrier
hypothesis. ™2 Tt is difficult, however, to understand
why saccharin correlates in different directions with CRP
and ESR, respectively. Inconsistency in the inflammatory
markers’ response to inflammation and their lack of accu-
racy have been reported frequently.®*4* Similar to saccha-
rin, 4-dodecyl benzene sulfonic acid was positively
associated with ESR but negatively associated with CRP.
It was also positively correlated with calprotectin and the
WBC count. 4-Dodecyl benzene sulfonic acid is a xeno-
biotic belonging to the family of benzenesulfonic acids
and derivatives, with increased levels previously linked to
IBD. %% 4-Dodecylbenzenesulfonic acid is a major com-
pound in laundry detergents,% and its sodium salt is applied
in antimicrobial formulations for treating organic vegeta-
bles and fruits.”

A cluster of three metabolites—I1-chloro-2,2-bis(4’-
chlorophenyl)ethylene, 3-methylbutyl 3-oxobutanoate, and
1-(9H-pyrido[3,4-b]indol-1-y1)-1.4-butanediol—showed a
close inverse association with calprotectin, principally the
first of these three. Although information on the source of
1-chloro-2,2-bis(4’-chlorophenyl)ethylene is lacking in the
published literature, the most usual way for exposure to the
other two species is dietary intake. 3-Methylbutyl 3-oxobu-
tanoate is a sweet ethereal flavoring agent,®® while
1-(9H-pyrido[3,4-b]indol-1-y1)-1,4-butanediol is a natural
B-carboline indole alkaloid derived from plant origins.% -
Carboline alkaloids may occur in many plant-derived foods,
thermally processed protein-rich foods, and beverages,™
and were demonstrated to exhibit anti-inflammatory activ-
ity via potent inhibition of nitric oxide (NO), TNFeo, and
interleukin-6 (IL6).7%7
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1,3-DCP, an unannotated compound (CSH8F3N30452),
and AFMK were the three main com pounds showing high cor-
relations with the WBC count. The first two compounds were
positively correlated with WBCs, while AFMK was inversely
correlated with WBCs. 1,3-DCP is an organochlorine com-
pound that may occur as a food and water contaminant.”™
1,3-DCP can be metabolized either by cytochrome P450
2E1 (CYP2ED) into cytotoxic compounds, or by bacterial
enzymes into epichlorohydrin, 3-MCPD, glycidol, and
glycerol, which exert their toxicity by cellular glutathione
depletion through conjugation with glutathione and may
also induce a loss of mitochondrial function.” AFMK acts
as an antioxidant and was reported to have anti-inflamma-
tory effects mediated by the decrease in TNFouand interleu-
kin-8 (IL8) production by monocytes.”® As an oxidation
product of melatonin, it could be endogenously produced or
be derived from exogenous melatonin found in some plant-
and animal-derived foods. Melatonin was reported to have
beneficial effects in inflammatory and enteroimmune
diseases.”"7®

Strengths and Limitations

The strengths of our study are the use of a powerful analyti-
cal platform and a longitudinal observation throughout a
period of one year following a standardized study design.
The limitations are the limited sample size and a nonran-
domized assignment of patients to the study arms, which
was chosen since a randomized approach was not feasible
in the children and adolescents studied.? The inclusion of
only patients in remission with a relatively low level of
inflammation may have decreased the likelithood of identi-
fying metabolic responses that are altered by higher disease
activity or that may serve as a trigger for inflammation.
Around25% of the markers detected in this study remain
uncharacterized, of which some were closely correlated
with inflammatory markers or key metabolites in studying
the impact of PEN therapy; thus, the findings could not be
fully interpreted.

Conclusions

Tt appears worthwhile to explore the combination of targeted
and untargeted approaches in monitoring treatment effects in
CD. The diversity of the metabolites detected by the untar-
geted technique, comprising products of human or bacterial
metabolism, xenobiotics recognized as flavoring agents,
environmental contaminants, and their biotransformation
products, found associated with inflammatory markers in
pediatric CD patients points to further opportunities for
applying metabolomics in biomarker research and in under-
standing mechanistic pathways involved in the disease.
Further studies are warranted in patients with a broader range
of disease activity and abnormal inflammatory markers to

explore whether the present findings can be replicated, iden-
tify the unknown compounds, and address their possible con-
tribution to the etiopathogenesis of CD.
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Abstract

Background and aims Exclusive enteral nutrition is recommended as a first-line treatment in active pediatric Crohn’s Dis-
ease, but its mechanism of action 1s still not clear. We aimed to assess alterations in the metabolic profile of newly diagnosed
pediatric Crohn’s Disease patients before and during exclusive enteral nutrition therapy.

Methods Plasma samples from 14 pediatric Crohn’s Disease patients before and after 3-4 weeks on exclusive enteral nutri-
tion were analyzed using mass spectrometry. T-test, fold change and orthogonal partial least squares discriminant analy-
sis were used for mining significant features. Correlation analysis was performed between the annotated features and the
weighted pediatric Crohn’s disease activity index using Pearson r distance.

Results Among the 13 compounds which decreased during exclusive enteral nutrition, most are related to diet, while one
is a bacterial metabolite, Bacteriohopane-32,33,34,35-tetrol. The phosphatidic acid metabolite PA(15:1/18:0) was signifi-
cantly reduced and correlated with the weighted pediatric Crohn’s disease activity index. Lipids increased during exclu-
sive enteral nutrition therapy included phosphatidylethanolamines; PE(24:1/24:1), PE(17:2/20:2) and one lactosylceramide;
LacCer(d18:1/14:0)

Conclusion 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 biomarkers may reflect changes in intestinal
microbiota composition and metabolism. Thus, metabolomics provides an opportunity to characterize the molecular mecha-
nisms of dietary factors triggering Crohn’s Disease activity, and the mechanisms of action of exclusive enteral nutrition,
thereby providing the basis for the development and evaluation of improved intervention strategies for prevention and
treatment.

Keywords Metabolomics - Biomarkers - Crohn’s disease - Exclusive Enteral Nutrition
1 Introduction microbiota, play an important role in the pathophysiol-

ogy of Crohn’s disease (CD) [1]. CD has been attributed
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response to commensal gut microbiota [2]. Exclusive enteral
nutrition (EEN) is an established therapy to induce remis-
sion in pediatric CD patients with efficacy in up to 80% of
individuals [3]. and it 1s recommended as first-line therapy
in European guidelines [4-6]. A meta-analysis based on 18
studies concluded that there 1s no significant difference in
efficacy using EEN or corticosteroids treatment to induce
remission in pediatric CD, however, EEN seems to be supe-
rior in promoting mucosal healing and faster reduction of
PCDAI (pediatric Chrohn’s disease activity index) [7]. The
benefits of using EEN in pediatric patients extend beyond
promoting mucosal healing, contributing to the improve-
ment of nutritional status [8], bone metabolism, and muscle
mass [9]. However, the mechanism of EEN action is still
unclear. Several studies have focused on investigating how
EEN may affect the microbiome, and most report an over-
all decrease in microbiome diversity during EEN therapy
[10-17]. However, the use of different techniques to assess
taxonomic shifts and the high diversity of microorganisms
present in the human microbiota and its interindividual
variation generates heterogenous results, especially at tax-
onomic resolution lower than phylum-level [18]. In addi-
tion to changes in microbiota composition, CD-associated
dysbiosis affects microbial metabolic functions. Previous
research demonstrated alterations in microbial functions
with a shift in genetic abundance related to oxidative stress
pathways, carbohydrate metabolism and amino acid biosyn-
thesis, which was considered more disturbed than microbi-
ota composition shifts [19]. Tn another observational study,
the authors reported a reduction in metabolic activity of the
intestinal microbiome during enteral feeding for two weeks,
based on analyzing exhaled breath and fecal samples using
gas chromatography/mass spectrometry [20]. Recently,
Diederen et al. reported a reduction in microbiome diversity
and changes in the fecal metabolome during EEN in pediat-
ric CD patients, with alterations in amino acids, cadaverine,
trimethylamine, and bile acids levels [21].

Over the past years. untargeted metabolomics using mass
spectrometry has been applied as powerful tool for identi-
fication and tracking of biomarkers which help in under-
standing the system biology and treatment outcomes [22].
Metabolomics have provided new insights into metabolic
alterations in CD patients versus healthy subjects using both
serum and fecal samples [23,24]. However, only few studies
were performed on pediatric population [25] and could not
detect the differences induced by EEN therapy, which is one
of the points of strength of our study.

& Springer

2 Methods
2.1 Plasma samples

Plasma samples from 14 pediatric CD patients (age
(mean+SD) 13.5+2.2 years, 8 boys, 12 newly diagnosed),
before and after 25+5 days on EEN treatment were ana-
lyzed. Thirteen patients received Modulen® IBD (Nestlé
Nutrition) and one patient was treated with Neocate Junior®
(Nutricia). Samples were obtained from a previously pub-
lished study [15].

The sample preparation procedure was previously
described 26. Briefly, after samples were thawed on ice,
100 uL of plasma were precipitated with the addition of 900
ul. of ice-cold high-performance liquid chromatography
(HPLC)-grade methanol in a 1.5 mL Eppendorf tube, vor-
texed and rested at -20 °C for 30 min. The tubes were then
centrifuged, and the supernatant was filtered in a polytetra-
fluoroethylene (PTFE) 45 um 96-well filter plate. Samples
were kept at —80 °C before analysis. Quality control (QC)
samples were created by pooling aliquots from the study
samples and used to create an inclusion list in the method
development and to ensure reproducibility in the analysis.

2.2 LC-QTOF-MS(/MS)

The analysis was conducted ona 1290 Infinity Il HPLC sys-
tem using a Poroshell 120 EC-C18 column (2.1x 150 mm,
2.7 um) coupled to a 6545 Q-TOF (both from Agilent, Santa
Clara, CA), as previously described [26]. Briefly, 6 uL of
the quality control sample were injected in triplicate in full
scan (MS) acquisition mode. Data from the MS experiment
was then used to create an acquisition list to be used in the
auto MS/MS acquisition mode. The analysis was performed
with the instrument in the 2 GHz, extended dynamic range
i the negative 1onization (NEG) mode using an Agilent
Jet Stream (AJS) electrospray ionization (ESI) ion source.
Operation parameters were set as follows: capillary volt-
age: —4000 V, nozzle voltage — 500 V; nebulizer pressure:
40 psi; gas temperature: 290 °C; sheath gas flow: 12 L/min;
sheath gas temperature: 380 °C; fragmentor voltage: 170 V;
and skimmer voltage: 65 V. The instrument was operated
using MassHunter Acquisition B.09.00 software (Agilent).
Chromatographic separation was achieved in 16 min run
time using a mobile phase A, water (0.1% formic acid); and
B, methanol (0.1% formic acid) at a flow rate of 0.4 mL/
min. Gradient elution was performed with an initial mixture
of 5% B and 95% A, then increased to 60% B throughout
4min, to 99% B at 12 min, held until 14 min, returned to 5%
B at 15.1 min, and held to 16 min.
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2.2.1 LC-QTOF-MS analysis

The full-scan analysis was performed in triplicate using the
QC samples acquired over the range of 100 to 1050 m/z in
the NEG mode to create an inclusion list to further create the
auto MS/MS acquisition mode, Data were extracted using
batch recursive feature extraction algorithm in MassHunter
Profinder B.08.00 software (Agilent) and after evaluation
exported as CEF (Cluster Exchange Format) files. The fea-
tures were aligned on Mass Profiler software (Agilent) using
retention time (RT) tolerance of up to 0.3 min and mass tol-
erance of + 15 ppm. Features with a 100% occurrence in the
replicates were used to create a target MS/MS inclusion list.

2.2.2 LC-QTOF-MS/MS analysis

Analysis of the study samples was performed using data-
dependent acquisition (DDA} (auto MS/MS) acquisition
mode using the inclusion list as preferred 1ons for fragmen-
tation, using delta m/z of 15 ppm and delta retention time
(RT) of 0.15 min. The collision cell operates with fixed col-
lision energies of 10, 20, and 40 eV using nitrogen (N2) as
the collision gas. The acquisition parameters were set as fol-
lows: acquisition mass range: 100 to 1050 m/z at 4 spectra/s
in the MS, and 50-800 m/z at 3 spectra/s in the time of flight
(TOF).

2.3 Data processing and statistical analysis

Samples from 14 pediatric CD patients, from before and
after at least 19 days of EEN were analyzed pairwise. Data
were processed as described in our previous work [26].
Briefly, quantile normalization was applied on raw data for
features filtered based on QC procedure, where features
with less than 100% occurrence between the QC and with
coefficient of varnance higher than 25% were excluded.
Principal component analysis was used to perform a QC on
samples to exclude any outlier by visual inspection. Identi-
fication of features was performed by library search using
Mass Hunter METLIN Personal Compound Database and
Library (PCDL) (Agilent Technologies, Santa Clara, USA)
at MS/MS level.

Then, Principal component analysis (PCA) was used to
evaluate reproducibility across measurements by checking
the location of the QC samples on the PCA plots. After qual-
ity control, annotated compounds were used in the statisti-
cal analysis using MetaboAnalyst 4.0 [27]. Fold change and
t-test, using false discovery rate (FDR) to correct for mul-
tiple testing, were performed to detect significant changes
in certain metabolites between the pairwise samples over
time. Orthogonal partial least squares discriminant analysis
(OPLS-DA) model was built, and significant metabolites

related to the differences between the pairwise samples were
identified using the S-plot, comprising the combination of
magnitude (covariance), with the effect and reliability (cor-
relation) for the model variables concerning model compo-
nent scores. Correlation analysis was performed using the
difference between the values of the annotated features and
the weighted pediatric Crohn’s disease activity index wPC-
DAI [28] scores (after EEN - before EEN) using Pearson r
distance measurement.

3 Results

An average of 8000 features were detected per sample from
the total of samples analyzed, 6000-7000 features had for-
mulas generated and 3000-4000 were putatively annotated.
However, after a strict QC, 318 features were filtered with
match score higher than 70 and are shown in the supple-
mentary material contaming their respective retention time
and m/z (S1). PCA performed on those data showed cluster-
ing of all QCs together on obtained PCA models (Data not
shown) which indicates the system’s stability and consistent
performance throughout the analysis.

A voleano plot (Fig. 1) was built presenting the com-
pounds filtered by pvalues and fold change (FC) and shows
eight compounds found significant on the t-test with a
p-value<0.05 (Table 1). Albeit, after FDR correction, only
4 features remained significant at p<0.05. Considering
FC, with arbitrary cut-oft of 1.3, two compounds (Bacte-
richopane-32,33,34,35-tetrol, and PA(15:1/18:0)) were fil-
tered as significant. Orthogonal PLS-DA model provided
complete separation between the samples before and after
EEN treatment. Figure 2 depicts the scores plot and the
s-plot with features of importance showing the most signifi-
cant compounds ordered by the covariance loading values
obtained using an arbitrary cut-off value of 3.6, resulting m
10 annotated compounds with increased concentration after
treatment and 13 compounds which decreased in concentra-
tion (Table 2).

As previously reported [ 15], disease activity measured by
wPCDALI decreased significantly (p <0.001) over the course
of EEN treatment. The average score (+ SD) was 48.8+18.6
before start of EEN and decreased to 16.4+10.1 after 3-4
weeks on EEN therapy. wPCDAI was developed as a score
to stratify the severity of Crohn’s disease in pediatric patients
with ranges between 0 to 100 with higher scores signifying
more active disease. A score of <12.5 is consistent remis-
sion, >40 indicates moderate disease, and >57.5 severe
disease. A 17.5-point decrease in PCDAT is taken as evi-
dence of small improvement and 37,5 as moderate improve-
ment [28]. Correlation analysis was performed between the
annotated compounds and the wPCDAT scores. The most
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Fig. 1 Volcano plot with log2 fold change (FC) in the x-axis and —
log10 of p values on the y axis. The lines indicate FC > 1.3. Box whis-
ker plot showing the interquartile range of the significant metabolites

Table 1 Results of univariate analysis using t-test

Feature Change  p-value p-value
post-EEN (FDR)
therapy

Bacteriohopane-32,33,34,35-tetrol *
Cohibin B -
PA(15:1/18:0) -
Theophylline/Theobromine -
4-Sulfocatechol -
PS(P-16:0/22:6) -
Chatenaytrienin 2 -
1,3-Benzenedisulfonamide +

*

*

na
na

na
*

* X K ¥ % X X ¥

na

significant compounds with R values < -0.5 for the negative
correlation and >0.3 for the positive are shown in Fig. 3.
The following compounds were found negatively correlated
with wPCDAI scores: 1-Phosphatidyl-1D-myo-inositol
3-phosphate;, Erythromycin ethylsuccinate; 1,2,4,5,7-Penta-
thiocane; dTDP/ Thymidine 5°-diphosphate; PS(22:4/19:0);
Medicagenic acid beta-maltoside; Phe Arg Val, Anisole; and
PS(18:2/21:0) with R values of -0.71, -0.67, -0.66, -0.64,
-0.58, -0.55, -0.53, -0.52, -0.52, respectively). Conversely,
we filtered 9 compounds positively correlated with wPC-
DATI: CDP-DG(16:0/20:4), 1,2-bis{Chloromethoxy)ethane;
Theophylline/Theobromine; LMST03020510; Navalioside;
20-Fluoro-19-nor-22-oxa-10,25-dihydroxyvitamin D3;
PA(15:1/18:0);, 3-Acetylthiophene; and LMST01080090 (
R=0.30, 0.31, 0.35, 0.35, 0.35, 0.43, 0.50, 0.54, and 0.67,
respectively).
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before (red) and after EEN treatment (green)
* Enfities significant after FDR correction for multiple testing

4 Discussion

The use of EEN therapy clearly shows an impact on the
plasma metabolome, with complete separation by orthog-
onal PLS-DA. Some features with a higher importance in
the model appear related to the exclusion of a regular diet
and they decreased most during EEN treatment. The com-
pound annotated as Theophylline, for instance, presented
the same match score as Theobromine, natural methylx-
anthines present in chocolate derivatives and beverages
that are highly consumed by children and teenagers [29].
Other compounds related to diet that decreased during EEN
therapy included: the food additive (+/-)-3-[(2-Methyl-
3-furyl)thio]-2-Butanone [30]; organic compounds found m
fruits:  3-(3,4-Dihydroxyphenyl)-1-Propanol 3’-Glucoside
[31] and 2-Phenylethyl beta-D-glucopyranoside [32]; m
tomatoes: N-Nitrosotomatidine [33] and other phytochemi-
cals naturally occurring in fats and oils, green vegetables,
herbs, and spices: (Methoxysulfinyl) Pentasulfide [34] and
4-(3-Hydroxy-7-phenyl-6-heptenyl)-1,2-benzenediol [35].
Violacene 1s a polyhalogenated monocyclic monoterpene
[36] which is produced by diverse genera of bacterial strains
which were isolated from various marine to freshwater and
soil environments as well as marine algae and could prob-
ably reflect cessation of food intake [37]. A slight reduction
shift was detected in Prostaglandin D2-1-glyceryl ester, a
bioactive lipid involved in the endocannabinoid system with
potential anti-inflammatory properties in vivo [38].

The compounds found elevated during EEN treatment
in the multivariate analysis present two features annotated
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Fig. 2 Scores plotand Splot from the Ortogonal partial least square discriminant analysis (OPLS DA) (Left) and bar chart with of the most impor-

tant features in the model with cut off of 3.6

Table 2 List of the significant compounds using orthogonal PLS-DA
ordered by the covariance loading values which increased or decreased

post BEN therapy

Increased after EEN therapy

Decreased after EEN therapy

1,3-Benzenedisulfonamide
2-Methylpropanoyl
phosphate
LacCer(d18:1/14.0)
Furfuryl thioacetate

Brassicanal B

PE(17:2/20:2)
PE(24:1/24:1)
N-[(3a,5b,7b)-7-hydroxy-
24-ox0-3-(sulfoxy)
cholan-24-y1]-Glycine
PE-Cer(d16:2/23:0)

L-3,5-Diiodotyrosine

PA(15:1/18:0
Theophylline/Theobromine

Bacteriohopane-32,33,34,35-tetrol
(+/-)-3-[(2-methyl-3-furyl)
thio]-2-butanone
3-(3,4-Dihydroxyphenyl}-1-Propanol
3’-Glucoside

Amino (methoxysulfinyl) pentasulfide
N-Nifrosotomatidine
(Z)-4-Hydroxyphenylacetaldehyde-
oxime

2-Phenylethyl
beta-D-glucopyranoside

Violacene

Cohibin B
4-(3-Hydroxy-7-phenyl-6-heptenyl)-
1,2-benzenediol

Prostaglandin D2-1-glyceryl ester)

as phosphatidylethanolamine (PE), PE(24:1/24:1), and
PE(17:2/20:2) and one ceramide phosphoethanolamine

(PE-Cer): PE-Cer(d16:2/23:0). PE are estimated to com-
prise 15-25% of the total lipid content in mammalian cells
and exert remarkable bio-activities [39]. In Gram-negative
bacteria, PE comprises around 75% of the phospholipid cell
envelop and are dynamic key compounds modulating meta-
bolic activities [40].

Other elevated compounds were 3.5-Diiodo-L-tyro-
sine, involved in thyroid hormone synthesis [41] and
LacCer(d18:1/14:0). Lactosylceramide (LacCer) was previ-
ously related with CD, however the role in the pathogenesis
was unclear [42]. Another study indicated the potential of
Lactosylceramide as a potential biomarker of inflammatory
bowel disease in children [43] LacCer is highly expressed
in phagocytes and epithelial cells and may play an essential
role in the human innate immune system, binding patho-
genie microorganisms [44]. Furfuryl thioacetate, a natu-
rally occurring aroma compound [45], and Furturyl B, a
secondary metabolite with antimicrobial activity produced
by many plants source of edible vegetable oils [46] were
also elevated. Two chemical entities appear with weighing
importance in the OPLS-DA model, 2-Methylpropanoyl
phosphate and 1,3-Benzenedisulfonamide, however, nei-
ther of them has been previously reported in the human
metabolome. Interestingly, compounds containing the
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Fig. 3 Bar chart showing features correlated with wPCDALI scores with Pearson correlation coeflicient cut off of -0.5 for the negatively correlated

features and 0.3 for the positive

sulphonamide moiety present potential biological activities,
such as carbonic anhydrase and COX-1/2 inhibition, as well
as anti-inflammatory, and antitumor activities [47].

Some of the features with high importance in the multi-
variate model were found significant in the t-test and fold
change, concomitantly. Bacteriochopane-32,33,34,35-tetrol,
a bacterial metabolite, and biomarker of Burkholderia,
Pseudomonas, and Ralstonia spp [48[, decreased during
treatment. Burkholderia spp is a Proteobacteria known for
causing dysfunction of GALT and gut microbiota in IBD
[49], with the potential to invade intestinal epithelial cells
[50]. An increase in the abundance of proteobacteria has
been reported in IBD patients [51], in active or aggres-
sive Crohn’s disease [52]. A decrease of Bacteriohopane-
32,33,34,35-tetrol concentration after EEN treatment may
indicate an effect on the gut microbiome with a decrease
in Burkholderia and/or Pseudomonas population. Thus,
the presence of elevated PE in plasma could be a marker
of gram-negative bacterial cell membranes that underwent
cell death.

Two other features annotated as Cohibin B and Chat-
enaytrienin 2 were significantly (p<0.05) decreased with
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EEN treatment. Both compounds belong to the class of
organic compounds known as annonaceous acetogenins, a
class of natural compounds with a wide variety of biological
activities and are powerful inhibitors of complex T (NADH :
ubiquinone oxidoreductase) in mammalian and insect mito-
chondrial electron transport systems [53].

The most important metabolite in the OPLS-DA model
was PA(15:1/18:0), also found significantly decreased m
the t-test and fold change. PA is the simplest class of glyc-
erophospholipids (GPL) present in virtually all organisms,
from bacteria to higher plants. It is an intermediate in lipid
membrane synthesis and storage and is also involved in
many eukaryotic processes, Besides, PA influences mem-
brane structure and interacts with diverse proteins due to its
unique physicochemical properties in comparison to other
GPL, thus acting as a lipid mediator n various signaling and
cellular processes 54.

We correlated the metabolome with the patients” wPC-
DAT scores to investigate what metabolites were associated
with clinical improvement. The results show two metabo-
lites n common with the list of features related to EEN
treatment. There was a parallel decrease of PA(15:1/18:0),
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which correlated with wPCDALI scores, indicating that this
metabolite could play a role in the CD pathophysiology.
Another compound showing a similar trend was Theophyl-
line/Theobromine reflecting exclusion of chocolate deriva-
tives and beverages. These products were previously shown
to modify the intestinal microbiome in a rat model, with
a decrease in E. coli; Bifidobacterium spp.; Streptococcus
spp.; and Clostridium histolyticum-C [55]

4,1 Strengths and limitations

The strengths of our study are the use of a novel sensitive
analytical methodology with the capability of detection of a
wide variety of endogenous and exogenous compounds and
inclusion of mostly treatment naive patients. The limitations
are the putative annotation of compounds, the small sample
size, a limited number of two samples per patient, and the
absence of dietary data at baseline, and the associations
with hypothesis raising nature without providing evidence
on causality.

5 Conclusion

We report remarkable alterations in the plasma metabolic
profile of pediatric CD patients treated with EEN. Mark-
ers reflecting the change of a mixed regular to a formula
diet showed marked changes, including xenobiotics, such
as food additives, other phytochemicals, and Theophyl-
line/Theobromine which also correlated with a CD activity
index. The decrease in the concentration of a biomarker of
protecbacteria (Bacteriohopane-32,33,34,35-tetrol) and the
increase in (PE) concentration, the main compound in cell
membrane composition of gram-negative bacteria, together
may indicate an alteration in potential pathogenic bacteria
populations and metabolism. Thus, metabolomics provides
an opportunity to characterize the molecular mechanisms of
dietary factors triggering CD activity and unravel the mech-
anisms of action of EEN.

Supplementary Information The  online version  confans
supplementary matenial available at https://doi.org/10.1007/s11306-
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Abstract

Background Sarcopenia is one of the most predominant rusculoskeletal diseases of the elderly, defined as age-
related progressive and generalized loss of rmuscle mass with a simultaneous reduction in muscle strength and/or
function. Using metabolomics, we aimed to examine the association between sarcopenia and the plasra metabolic
profile of sarcopenic patients, measured using a targeted HPLC-MS/MS platform.

Methods Plasma samples from 22 (17 men) hip fracture patients undergoing surgery (8 sarcopenic, age 81.44+6.3,
and 14 non-sarcopenic, age 78.448.1) were analyzed, Ttest, fold change, orthogonal partial least squares discriminant
analysis, and sparse partial least squares discriminant analysis were used for mining significant features. Metabolite set
enrichment analysis and rediation analysis by PLSSEM were thereafter performed.

Results Using a univariate analysis for sarcopenia z score, the amine acid citrulline was the only metabolite with a
significant group difference after FDR correction. Positive trends were observed between the sarcopenia z score and
very long-chain fatty acids as well as dicarboxylic acid carnitines. Multivariate analysis showed citrulling, non-esterified
fatty acid 26:2, and decanedioyl carnitine as the top three metabolites according to the variable importance in projec-
tion using oPLS-DA and loadings weight by sPLS-DA. Metablite set enrichment analysis showed carnitine palmitoyl-
transferase deficiency (Il) as the highest condition related to the metabolome.

Conclusions We observed a difference in the plasma metabalic profile in association with different measures of
sarcopenia, which identifies very long-chain fatty acids, Carn.DC and citrulline as key variables associated with the dis-
ease severity. These findings point ta a potential link between sarcopenia and mitochondrial dysfunction and portraits
a number of possible biochemical pathways which might be involved in the disease pathogenesis.

Keywords Sarcopenia, Metabolomics, Energy metabolism, Mitochondrial metabolism, Fatty acid metabolism, Lipid
| metabolism, Fatty acid oxidation
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understanding of the factors underlying this condition
may offer subsidies for treatment strategies. However,
this can be complicated as sarcopenia is a multifactorial
disease, which can be attributed to several factors and
the elemental biological mechanisms are vet not clearly
elucidated. Metabolomics is an omics science based on
identifying and measuring the small molecule substrates,
intermediates, and products of cell metabolism, globally
known as “the metabolome.” It is a powerful approach,
since the metabolome directly reflects the underlying
biochemical activity and the physiological state, thus
best representing the molecular phenotype. Therefore,
metabolomics can be a valuable tool for understanding
the metabolic disruptions associated with sarcopenia and
can be also correlated with the severity of the disease.

In 2019, The Furopean Working Group on Sarcopenia
in Older People (EWGSOP2) published the revised con-
sensus on the use of low muscle strength as the primary
criterion for the identification of sarcopenia, with the
diagnosis further confirmed by the presence of low mus-
cle quantity or quality and physical performance as an
indicator of severity [7-9]. Based on these criteria, sarco-
penia was defined as the combination of reduced hand-
grip strength and loss of skeletal muscle mass, calculated
as skeletal muscle index (SMI) [7, 9]. A z-transformation
of both values represents the degree of sarcopenia on a
metric scale.

The aim of this study was to examine the associa-
tion between sarcopenia, defined as reduced handgrip
strength and loss of skeletal muscle mass as the primary
criterion of sarcopenia, as well as the SMI, with the
plasma metabolic profile of sarcopenic patients, meas-
ured using a targeted metabolomies platform. Data were
also provided on somatotropic axis parameters and rel-
evant associations with the metabolic profile have been
additionally investigated. The resulting associations were
then used to draw a picture of the biochemical pathways
involved in the disease pathogenesis with a potential link
between sarcopenia and mitochondrial dysfunction.

Methods

Patient recruitment

This metabolomics study was performed as a secondary
analysis on plasma samples obtained from 22 hip frac-
ture patients of both sexes undergoing surgery. Briefly,
patients aged over 70 vears with a proximal hip fracture
of the femur undergoing surgery were recruited from
November 2017 to March 2019. Patients were excluded
if they suffered from specific neuromuscular diseases
(myasthenia gravis, muscular dystrophy, ALS, polio),
severe dementia, chronic inflammatory disease (e.g.,
Crohn’s disease, ulcerative colitis, rheumatoid arthritis
with systemic anti-inflammatory therapy), or have been
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subject to systemic corticosteroid therapy (above 7.5mg
per day), or cancer therapy in the last 5 years. All partici-
pants provided written informed consent before enrol-
ment. Informed consent was taken before surgery with
enough time to think about participation. In case of con-
cerns of the patient, the patient was not included.

Patient data

The collected data includes information on the demo-
graphic, family, and sociceconomic characteristics,
alcohol intake, smoking, and comorbidities as well as
anthropometry (weight, height, BMI, fat mass (FM), and
fat mass index (FMI). The anthropometric measurements
were obtained by physical examination of the study par-
ticipants by trained study personnel. Bio-Impedance
Analysis (BIA; BIA 101, Akern, Florence, Ttaly) was per-
formed after surgery and used for measuring lean mass.
Measurements were taken under standard conditions,
with the patient in a supine position and surface elec-
trodes placed on the wrist and ankle contralateral to the
side of the fracture. Appendicular lean mass (aLM) was
estimated using the equation developed by Sergi et al.
[10]. The skeletal muscle index [SMI, (kg/m?%)] was caleu-
lated by dividing aLM by body height squared. Assigned
cutoffs of 7 kg/m? in men and 5.5 kg/m? in women were
used to define low SMI. Handgrip strength was assessed
with a Saehan DHD-1 Digital Hand Dynamometer, with
the patient lying supine. The maximal value of three con-
secutive measurements of both hands was used for the
analysis. Similar to SMI, handgrip strength was defined as
low, if below 27 kg and 16 kg, in men and women, respec-
tively [7]. A z score combining handgrip strength and
muscle mass was calculated separately for men [z score
sarcopenia,,,, = [(27-handgrip strength)/SD (handgrip
strength)] + [(7.0-SMD)/SD (SMI})] and women [z score
sarcopenia, ., = [(16-handgrip strength)/SD (hand-
grip strength)] + [(5.5-SMI)/SD (SMI)]. Z-transforma-
tion of both values represents the degree of sarcopenia
on a metric scale. The higher the z-score, the more sar-
copenic the patient. Data were provided on the insulin
growth factor (IGF) axis parameters including IGF-1,
insulin growth factor binding protein 3 (IGFBP3) and
1GF1/1GFBP3 ratio.

IGF-l and IGFBP3 measurement

Blood samples for measurement of serum concentra-
tions of IGF-I and IGFBP3 were centrifuged and serum
was stored at —80°C until analysis. Serum hormone con-
centrations (ng/ml) of IGF-T and IGFBP3 were measured
at the Endocrine Laboratory of the University Hospi-
tal Munich using the IDS-iSYS automated chemilumi-
nescent assay system (Immunodiagnostic System Ltd.,
Boldon, England, UK}. Validation data for all assays and
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reference intervals have been published elsewhere [11,
12]. The assays are calibrated against the latest recombi-
nant standards (02/254 for IGF-I).

Metabolomic measurements

For the metabolomic measurements, plasma samples
were obtained after centrifugation of blood samples col-
lected from patients in EDTA tubes, then stored at —80°C
until analysis. Overall, a targeted metabolomics approach
was applied for measuring a total of 300 metabolites in
the patients’ samples at the Dept. of Paediatrics, LMU
Munich. Concentrations were calculated in pmol/l. The
measured metabolites belonged to the following classes:

Amino acids

Twenty-two amino acids including alanine (Ala), argi-
nine (Arg), asparagine (Asn), aspartic acid (Asp),
glutamine (Gln), glutamic acid (Glu}, glycine (Gly}, his-
tidine (His), isoleucine {lle}, leucine (Leu), lysine (Lys),
methionine (Met), phenylalanine (Phe), serine (Ser),
threonine (Thr}), tryptophan (Trp), tyrosine (Tyr), valine
(Val), citrulline {Cit), ornithine {Orn), and proline (Pro)
were analyzed in plasma samples obtained from patients
by ion-pair liquid chromatography with tandem mass
spectrometry (HPLC-MS/MS ) as previously described
by Harder et al. [13].

Acyl carnitines

Carnitines (free carnitine (Carn) and acylcarnitine
(Carn.a)) were analyzed using a modified method from
Giesbertz et al. [14]. Briefly, proteins of 50 plL plasma
samples were precipitated by a tenfold amount of
methanol including isotopic labeled internal standards
D3-Carnitine C2 (DLM-754-PK, Cambridge [sotope Lab-
oratories), D3Carnitine C8 (DLM-755-0.01, Cambridge
[sotope Laboratories), and D3-Carnitine C16 {(DLM-
1263-0.01, Cambridge Isotope Laboratories). After cen-
trifugation, 50 L of the supernatant was evaporated to
dryness under a gentle stream of nitrogen at 40 °C. The
residuals were re-dissolved in 50 pL hydrogen chloride-
1-butanol solution, and derivatization was conducted
at 60 °C for 10 min shaking at 600 rpm. Thereafter, the
hydrogen chloride-1-butanol solution was evaporated to
dryness and the residuals re-dissolved in 50 pL methanol.
The butylated acylcarnitines were separated on a 1200-SL
HPLC system (Agilent Technologies, Waldbronn, Ger-
many) equipped with a degasser, pump, autosampler, col-
umn oven, and a 150 » 2.1 mm Kinetex® reversed-phase
column with 2.6 pm particles (Phenomenex, Torrance,
USA). Mobile phase A consisted of 5mM ammonium
acetate in water and mobile phase B consisted of 333 pL
7.5 M ammonia acetate in 1 L. methanol/ acetonitrile/iso-
propanol (1:4:5). The mass spectrometric detection was
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performed on a hybrid triple quadrupole mass spectrom-
eter (4000 QTRAP, AB Sciex, Darmstadt, Germany) with
a Turbo Jon source operating in negative ESI mode.

Non-esterified fatty acids (NEFA)

Sixty-three non-esterified fatty acids were measured in
patients’ samples, using HPLC-MS/MS run in negative
ESI mode as described previously by Hellmuth et al. [15].
The same formula CX:Y was used to indicate the chain
length as well as the number of double bonds.

Bite acids

A new method for bile acids analysis was developed and
validated using HPLC-MS/MS. The method descrip-
tion is presented in the supplementary material (Sup-
plementary M1). Briefly, seventeen bile acids were
measured, including cholic acid (CA), chenodeoxycholic
acid (CDCA), deoxycholic acid (DCA), lithocholic acid
(LCA), glycocholic acid (GCA), taurocholic acid (TCA),
glycochenodeoxycholic acid (GCDCA), taurochenodeox-
ycholic acid (TCDCA), glycodeoxycholic acid (GDCA),
taurodeoxycholic acid (TDCA), glycolithocholic acid
(GLCA), taurolithocholic acid (T LCA), taurocholic acid
3-sulfate (TCA-3S), and taurolithocholic acid 3-sulfate
(TLCA-3S).

Quality control

Due to the limited number of samples, only one batch
was used in all analyses and quality control samples (QC)
were used to check the within-batch variations (intra-
batch CV% = 20%). Six QC prepared by pooling aliquots
of all available study samples were consistently measured
at regular intervals within the batch at the beginning,
middle, and end of the batch. Measurements greater than
1.5 standard deviations (SD) away from the next clos-
est measurement were considered as outliers and sub-
sequently set to NA (not available). Measurements with
>50% missing values were excluded.

Statistical analysis

Descriptive statistics

The demographic and phenotypic characteristics of the
study participants, including age, sex, BMI, comorbidi-
ties (diabetes mellitus, rheumatoid arthritis, thyroid, and
parathyroid dysfunction, spine diseases, chronic lung
diseases, kidney diseases, cancer, diarrhea intolerance),
smoking, alcohol and drug intake (proton pump inhibi-
tors (PPI), corticosteroids, anti-estrogenic therapy, tran-
quilizers), mobility problems, dizziness, stumbling, falls
during the preceding year to the study, and activities as
sports, daily outdoor activities, were summarized as
mean (SD) and proportions for continuous and categori-
cal variables, respectively. Wilcoxon rank-sum test and
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Fisher’s exact test were used to investigate the differences
between groups for numerical and categorical variables,
respectively. Results are shown in Table 1.

Data analysis

For the metabolomics data, after normalization and
scaling, linear regression models were used to study the
associations between plasma metabolite levels and dif-
ferent measures of sarcopenia (sarcopenia z scores and
SMI) using the sarcopenia measures as the outcome and
the plasma metabolites as the independent variables.
Models were initially adjusted using potential confound-
ers including age, sex, BMI, smoking, alcohol intake, and
comorbidities such as cancer; however, it was noticed
that the associations between the metabolite levels and
the sarcopenia measures were not appreciably influ-
enced by the inclusion of these confounders, hence they
were not included in the models, especially considering
the small sample size. Volcano plots were used to depict
the results of the models with f on x-axis and [logl0
(P)| values on y-axis indicating the sign, magnitude, and
strength of the association, respectively. False discovery
rate (FDR} [16] was used to minimize the occurrence of
false positives, a common issue in multiple testing, Nev-
ertheless, we also inspected associations with uncor-
rected P values for further interpretation, because of the
exploratory nature of the analysis and regarded some as
potentially meaningful differences, principally if they are
common among the same metabolite class or subclass
and share the same tendencies. These associations were
referred to as trends albeit not significant after FDR cor-
rection due to the low statistical power. The cutoff for
uncorrected P values was depicted as a red dotted line in
the volcano plot. Additionally, sarcopenic and non-sarco-
penic patient groups were defined using the sarcopenia
z score cutoff values. To explore the group differences,
unadjusted comparisons using multiple univariate tests
were performed within the Metaboanalyst 5.0 software
which includes fold change (FC) analysis and Wilcoxon
rank-sum test. Then, a combination of both tests was
used to produce a volcano plot using a cut-off of 1.5 and
0.05 for FC and P value, respectively [17]. Concomitantly,
for class diserimination and identification of metabolites
responsible for group separation, multivariate analy-
ses were also conducted including prinecipal component
analysis (PCA), partial least squares—discriminant analy-
sis (PLS-DA}, and orthogonal partial least squares—dis-
criminant analysis (0PLS-DA).

Metabolite set enrichment analysis (MSEA) was also
performed using the metabolomics data sets, and the
pathway was considered significantly enriched if P values
were smaller than 0.05 and those significant after FDR
correction were inspected. Both multivariate analysis and
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pathway enrichment analysis were carried out also using
Metaboanalyst 5.0. Causal effect relationships involved in
sarcopenia were investigated using Mediation Analysis by
PLSSEM [18-20] using SmartPLS software. First, factor
analysis was performed for the selection of indicator vari-
ables most associated with the relevant latent variables
for each of the metabolite class (AA, NEFA, BA, Carn.a,
TCA). Then bias-corrected and accelerated hootstrap
was conducted to test the statistical significance of the
investigated pathways using 0.05 as a significance level
and the total effects, total indirect effects, and specific
indirect effects were calculated.

Results

The demographic and phenotypic characteristics of
the study participants are described in detail in Table 1.
Overall, the 22 patients included 17 men and 5 women
aged 79.5+7.5 years. Eight patients were found to suffer
sarcopenia as per the EWGSOP2 guidelines, while the
remaining 14 subjects were non-sarcopenic. Regarding
the definition of sarcopenia, which is the combination
of low handgrip strength and low muscle mass, hand-
grip strength contributes to a higher degree than muscle
mass in the patients investigated. This is also reflected in
a greater sarcopenia z score. The sarcopenic group was
aged 81.4+6.3 years while the non-sarcopenic group
was aged 78.4+8.1 y. We noticed lower levels of insulin
growth factor (IGF-I) and IGE-I/insulin growth factor
binding protein 3 (IGFBP3) in the sarcopenic group rela-
tive to the non-sarcopenic group.

Association between measures of sarcopenia

and the plasma metabolite levels

Linear regression models were used to investigate the
associations between the sarcopenia z score SMIL, and
maximum handgrip strength as measures of sarcopenia
and the plasma metabolite levels, For sarcopenia z score,
the amino acid citrulline (Cit) was the only metabolite
found significant after false discovery rate (FDR) cor-
rection, which stood out as highly significant (p<0.001).
Positive trends (not significant after FDR correction)
were observed between the sarcopenia z scores and
long as well as very long-chain non-esterified fatty acid
(VLC-NEFA), namely NEFA 16:3, NEFA 24:2, NEFA 26:1,
and NETA 26:2) as well as dicarboxylic acid carnitines
(Carn-DC) (Supplementary Table 1). Volcano plot for
the group differences between the sarcopenic and non-
sarcopenic groups using FC analysis and Wilcoxon rank-
sum test identified Cit, 4 Carn-DC, namely Carn.3.0.DC,
Carn6.0.DC, Carn8.0.DC, Carn.10.0.DC in addition to
Carn.4.1, Carn.8.1, and Carn.6.0OH as well as NEFA 26:2,
as shown in the volcano plot (Fig. 1) of which only Cit
remained significant after FDR correction (P<0.01). For
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Table 1 Study population characteristics
Characteristics Non-sarcopenic (n=14) Sarcopenic (R=8) Pvalue
Age 784481 814+63 ns
Sex
Male 1(79%) 6 (25%) ns
Female 3(21%) 2(75%)
Body measures
Body weight (kg) 6.14£158 6464152 ns
Bady height (cm) 167.6+85 17054101 ns
Bady mass index (BMD 269442 222445 0.02
Fat mass tkg) 2704107 173465 ns
Fat mass percent (FM%) 335460 262474 ns
Free fat mass (kg) 5154103 4734107 ns
Free fat mass percent (FFM%) 665160 738£74 ns
Measures of sarcopenia
Grip strength 273484 18.14+4.9 0.01
Appendicular lean mass (alL) 188+4.3 184148 ns
Skeletal muscle index (SMI) 6.6+0.9 63%13 ns
Sarcopenia zscore —1674£1.21 0.89+1.06 <0.001
Co-morbidities
Smaking 2(14%) 1(13%; ns
Chronic lung disease 0(0%) 1013%) ns
Kidney disease 2(14%) 2 (25.0%) ns
Rheumatolid arthritis (without systeric anti-inflam matery 3(21%) 1(12.5%) ns
therapy)
Cancer (>5 years in their anamnesis) 3(219%) 4 (50%) ns
Parathyroid gland dysfunction 0(0%) (13%) ns
Thyroid gland dysfunction 2(14%) (13%) ns
Diabetes mellitus (DM) 2(149%) 2(25%) ns
Spine disease 1(7%) 0 (0%) ns
Diarrhea 0(0% 3(38% <0.05
Medication
Regular drug intake 13(93%) 7 (88%) ns
Corticostercids (<7.5mg per day) 4(29%) 2 (25%) ns
DM drug treatment 1(7%) 0(0%) ns
Proton pump inhibitors (PPl 7 (50%) 4 (50%) ns
Tranquilizers 3(219%) 2(25%) ns
Mobility/balance problems
Mobility problems 0(0%) 3(38% <0.05
Stumbling 3(21%) 2(25%) ns
Dizziness 5 (36%) 3(38%) ns
Walking aid 2(14%) 6 (75% <0.01
Household independent 3(21%) 4 (50%) ns
Needshelp in shopping 1(7%) 5 (63%) <0.05
Number of falls in the preceding year 2 (14%) 6 (75%) <0.01
Activities
Daily outside activity 10(7%) 3(38%) ns
Regular sports 9 (649) 2(25%) ns
Surgeries 0(0%) 2 (12.5%) ns
IGF axis parameters
IGF1 6844+19.0% 5384285 ns
IGFBP3 15884430 4194567 ns
IGF1/IGFBP3 169£5.0 142441 ns

#alues are expressed in“meanz 5D range” or “absolute number (percentage)”

ns not significant at P<0.05
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Fig. 1 Volcano plot depicting significant metabolites between the sarcopenic and non-sarcopenic groups using a fold change (FC) threshold of
1.5 and ¢ test threshold of 0.05. The log-transformed FC and P values are represented on x- and y-axes, respectively. The red circles represent features

above the selected thresholders

the SMI, we found a negative association between SMI
and mid to long-chain acylcarnitines (Carn.a) as well as
mid-chain NEFA. Additionally, negative trends (not sig-
nificant after FDR correction) were found with primary
bile acids (BA): cholic acid {CA), and chenodeoxycholic
acid (CDCA) and a tertiary BA: ursodeoxycholic acid
(UDCA) while positive trends with secondary BA tau-
rolithocholic acid (TLCA) and glycolithocholic acid
GLCA and one primary BA: taurocholic acid {TCA}) and
the two amino acids (AA): His and Val (Supplementary
Table 1). None of these associations were significant after
FDR correction (Supplementary Table 1). Similar to the
SMI, negative association between the maximum hand-
grip strength and mid to long-chain Carna {Carn.12.0,
Carn.12.1, Carn.14.1, Carn.14.2, and Carn.16.1). How-
ever, the most striking observation was the positive
trends observed between the handgrip strength and sev-
eral long and very long-chain NEFA (VLC-NEFA), rep-
resented in 22 NETA species as shown in Supplementary
Table 1 albeit not significant after FDR correction. Simi-
lar to the SMI, positive associations were found between
the TCA, TLCA, and the maximum handgrip strength.
Additionally, TCA-3S and TCDCA were also positively
associated.

Muitivariate analysis

Multivariate models were applied to evaluate the sepa-
ration between sarcopenic and non-sarcopenic patient
groups. Among the different approaches described in
the methods section, orthogonal partial least square
discriminant analysis (oPLS-DA) and sparse partial
least square discriminant analysis (sPLS-DA) were
found to be the most efficient models. Complete group
separation was obtained using oPLS-DA (Fig. 2A). Cit,
NETFA 26:2, and Carn 10.DC were recognized as the
top metabolites according to the variable importance
in projection (VIP), driving the separation using this
model {Fig. 2C). sPLS-DA was found to separate the
two groups to a great extent on the first principal com-
pound (PC1) (Fig. 2B). Similar to oPLS-DA, Cit, NEFA
26:2, and Carn 10.DC were recognized as metabolites
with the highest loading weights in the model, in addi-
tion to other relevant metabolites, such as other Carn,
DC (Carn 8.DC and Carn 6.DC) and very long-chain
fatty acids (VLC-FA}) as NEFA 24:2 (Fig. 2D).

Metabolite set enrichment analysis
Quantitative enrichment analysis (QEA) (Fig. 3)
showed that the top enriched metabolite sets identified
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Fig.2 AScore plot from the orthogonal partial least square discriminant analysis (0PLS-DA) showing complete group separation from
non-sarcopenic (red circles) and sarcopenic (green circles) subjects (95% confidence ellipses are shaded around each group). B Score plot from

the sparse partial least square discriminant analysis (sPLS-DA) depicting group separationto a great extent on PC 1 (x-axis) and to & large extent
using PC1 and PC2 from non-sarcopenic (red circles) and sarcopenic (green circles) subjects (95% confidence ellipses are shaded around each
group). CVariable impartance in projection (VIF) scores plat from the orthogonal partial least square discriminant analysis (0PLS-DA) presenting
the metabolites driving the separation between the non-sarcopenic group and the sarcopenic group. D Loadings plot fiom the sparse partial least
square discriminant analysis (sPLS-DA) ranking the metabolites with the highest loadings weight in the model respansible for driving the separation
between the non-sarcopenic group (0) and the sarcapenic group (1]

by the difference in the metabolic profiles between
the sarcopenic and the non-sarcopenic groups were
carnitine palmitovltransferase deficiency (II), long-
chain -3-hydroxy acyl-coA dehydrogenase deficiency
(LCHAD), carnitine palmitoyltransferase deficiency

(I), very long-chain acyl co-A dehydrogenase defi-
ciency (VLCAD), and Pearson syndrome (uncorrected
P<0.05). All the conditions related to these metabolite
sets share the common feature of being mitochondrial
respiratory chain disorders (Supplementary Table 2).
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Associations between the somatotropic axis parameters
and the metabolome

Negative trends were found between IGF-I and three
VLC-FA species (NEFA 26:2, NEFA24:4, NEFA 24:2), and
Cit. Fewer associations were found between the metabo-
lome and IGFBP3, where it was only negatively associ-
ated with two metabolites: Carn.a 20:0 and CA. As for
the ratio IGF-I/IGFBP3, it was the most associated with
the metabolome, especially the NEFA. This was evident
in the multiple negative trends observed between the
NEFA, specifically the LC- and the VLC-NEFA and the
ratio IGF-I/IGFBP3 including NEFA 13:0, NEFA 17:1,
NEFA 16:1, NEFA 14:1, NEFA 12:1, NEFA 19:1, NEFA
16:3, NEFA 16:0, NEFA 22:2, NEFA 18:2, NEFA 14:2,
NEFA 24:4, NEFA 22:4, NEFA 14:0, NEFA 24:3, NEFA
22:3, and NETA 24:2. This in addition to Carn.a 3:0 and
a BCKA, 3-methyl-2-oxo butanoic acid which were also
negatively associated. None of the abovementioned asso-
ciations between the somatotropic axis parameters and

the metabolome were found significant after correction
for FDR (Table 2).

Mediation analysis by PLSSEM

Given that specific metabolite species were commonly
associated with both, IGF-I and sarcopenia, we hypoth-
esized that a somatotropic axis may impact sarcopenia
mediated by metabolic changes. To test this hypothesis,
PLSSEM was used using each of the metabolite class sets
as mediators (NEFA, BA, AA, and Carn.a). We noticed
that none of the direct or the indirect effects from [GF-1
to sarcopenia was significant using any of the metabolite
classes except VLC-FA., The specific indirect effects from
IGF-1 to sarcopenia mediated by VLC-FA were found
significant {P<0.05) indicating the role of the somato-
tropic axis shares with VLC-FA in sarcopenia. A diagram
depicting the path model from IGF-1to sarcopenia medi-
ated by NEFA and the results of pathways significance
(path coefficients, specific indirect effects, and total
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Table 2 Results from the linear models for the associations
between the plasma metabolites with (A) insulin-like growth
factor | (IGF-) and (B) IGF-l/insulin-like growth factor-binding
protein (IGFEP3) in the study population

Class Metabolite  Regression Pvalue Pvalue
coefficient (8) (after FDR
correction)
A. Insulin-like growth factor I (IGF-1)
AA Cit —0.024 0016 ns
NEFA MNEFA 262 =001 0043 ns
MNEFA 244 —0.02 0.045 ns
MEFA.24:2 —0.02 0.05 ns
B. IGF-lfinsulin-like growth factor BP3
NEFA MNEFA13:0 —0.181 0.007 ns
NEFATT —0.165 0.004 ns
NEFA16:1 =064 0.004 ns
NEFA14:1 —0.163 0.005 ns
NEFA12: =016 0006 ns
MNEFA19:1 —0.156 0.007 ns
MNEFATE3 —015 0011 ns
NEFATED —0.149 001 ns
MNEFA22:2 —0.143 0015 ns
NEFA1832 —0.143 0016 ns
MNEFA14:2 =014 0017 ns
MNEFA24:4 —0.138 002 ns
NEFA22:4 —0136 0022 ns
MNEFA14:0 —0.133 0.026 ns
MEFA.24:3 —0.127 0.034 ns
NEFA22:3 —0121 0.047 ns
MEFA.24:2 —0127 0.034 ns
Carna  Carn30 0125 0.038 ns

AA amino adids, Carna acylcamnitines, NEFA non-esterified fatty adids. £ values as
ns non-significant

indirect effects} are depicted in Supplementary Figure 1
and Supplementary Table 3, respectively.

Discussion

A peculiar profile to this study was the higher levels of
circulating LC- and VLC-FA, and their downstream
metabolites (Carn D.C., especially the mid-chain ones)
along with the remarkably higher levels of the Cit in
patients with sarcopenia relative to non-sarcopenic ones
(Supplementary Table 1). This was evident in the trends
for higher levels of these metabolites in association with
sarcopenia z score either using the linear regression mod-
els (where the sarcopenia z score is treated as a continu-
ous variable) or using univariate/multivariate methods
employing OPLS-DA/SPLS-DA, where the patients were
divided into sarcopenic and non-sarcopenic groups.
The most characteristic compounds detected as top
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significant metabolites were Cit, NEFA 26:2, Carn 10. DC
in addition to other VLC-NEFA and Carn.DC as previ-
ously discussed in the results section (Figs. 1 and 2).

The mechanism behind the accumulation of Carn.DC
is probably relevant to dicarboxylic acids produced by the
w-oxidation of long-chain fatty acid (LC-FA) and VLC-
FA [21]. The corresponding activated CoA esters undergo
some cycles of B-oxidation in the peroxisome up to a
certain point, probably C10-dicarboxylyl-CoA, which
is transported to the mitochondria as Carn. 10.DC [22].
Therefore, it would be fair to hypothesize that the eleva-
tion in levels of Carn.DC is a consequence of the elevated
levels of VLC-NEFA, Complementary to this picture, we
observed a trend for higher levels of mid to LC- NEFA
and LC- Carn.a in association with SMI despite not being
significant after FDR correction. This metabolic picture
is common in mitochondrial long-chain LC-FA oxida-
tion disorders, as carnitine-acylcarnitine translocase
deficiency, which involves a transport defect of LC-FA
across the mitochondrial membrane, causing an eleva-
tion in the levels of plasma LC-FA and monocarboxylic
LC-Carn.a [23] [22]. The excess of LC-FA and VLC-FA
(C20 or more) synthesized by the elongation of precursor
LC-FA via reactions catalyzed by microsomal elongation
enzymes is the first subject to w-oxidation and producing
dicarboxylyl-CoA esters which then undergo p-oxidation
(chain shortening) in peroxisomes but only to a limited
extent, producing C10-dicarboxylyl-CoA, which cannot
enter the mitochondrion, leading to its accumulation, in
accordance with our results [22]. Our hypothesis is sup-
ported by the results of the pathway enrichment analy-
sis, showing that the top enriched pathways identified
between the sarcopenic and the non-sarcopenic groups
are related to mitochondrial disorders. Even though the
exact mechanisms underlying sarcopenia are not fully
understood, there is evidence that the accumulation of
damaged mitochondria could trigger motor neuron and
muscle fiber death [24]. Furthermore, studies have identi-
fied mitochondrial as one of the central players contrib-
uting to the pathogenicity of the disease [25, 26].

Previous studies showed that mitochondrial dysfunc-
tion arising from the abnormal accumulation of mito-
chondrial DNA induced the early appearance of several
age-related phenotypes, including sarcopenia, in mice
[27-29]. Several reasons can contribute to mitochon-
drial dysfunction/damage including ROS-induced dam-
age. ROS production increases with aging due to the
decreased levels of antioxidant enzymes and might be
secondary to age muscle denervation [24].

Another observation that stood out was the sig-
nificantly higher levels of Cit in sarcopenic relative to
non-sarcopenic subjects, which was the only metabo-
lite found significant after FDR correction. Cit was
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previously linked to muscle wasting through NO-
induced stress being a precursor in nitric oxide (NO)
metabolism [30]. iNOS converts L-arginine to Cit,
releasing NO, which reacts with the reactive oxygen spe-
cies (ROS) (superoxide anions O,-) forming the toxic
molecule peroxynitrite (ONOO-), leading to oxidative
stress and muscle fiber loss, a mechanism triggered by
tumor necrosis factor-alpha (TNFa) [31, 32]. The impli-
cation of the INOS/NO pathway in TNFa-induced mus-
cle atrophy was previously reported in the literature
despite that the detailed mechanism remains unclear
[31, 33, 34]. Some studies demonstrated that NO and
peroxynitrite levels were found to decrease levels of
transcription factors involved in myogenesis and skeletal
muscle health [31, 35].

Our findings are strengthened by the consistent
results obtained when using either univariate or multi-
variate analysis, which both showed VLC-FA and Carn.
DC as well as Cit as key variables associated with sar-
copenia as well as the complementary findings from
SMI and handgrip strength which further supported
the findings. Although SMI and maximum handgrip
strength did not show associations with the exact same
set of metabolites, the findings complement those
obtained using sarcopenia z score whether by univariate
or multivariate analysis, such as the negative associa-
tion between SMI and mid to long-chain acylcarnitines
(Carna) and mid- and LC- NEFA, This supports the
assumption of an impaired mitochondrial function
affecting the B-oxidation of the fatty acids and lead-
ing to the accumulation of LC- Carn.a and mid-chain
NETA, thus suggesting incomplete oxidation (Supple-
mentary Table 1). Another class that popped up with
SMI and maximum handgrip strength are bile acids,
with two common findings which are the positive asso-
ciations between TCA and TLCA and both measures of
sarcopenia (Supplementary Table 1), Other bile acids
were uniquely associated either to SMI or maximum
handgrip strength. For SMI, primary bile acids (CA,
CDCA) and tertiary (UDCA) showed negative trends,
in contrast with conjugated bile acids (TLCA, GLCA)
while positive trends were found between TCA-3S and
TCDCA, and maximum handgrip strength. For the sar-
copenia z-score, the only bile acid associated was CA
which was positively associated with. A recent study
demonstrated the atrophic effects of the two bile acids
(DCA and CA) on skeletal muscle fibers through TGR5,
a plasma membrane G-protein-coupled receptor, in
association with increased levels of oxidative stress and
protein catabolic pathways [36]. These findings are in
line with previous studies on the role of DCA in pro-
tein catabolism and energy consumption through TGRS
activation, thus suggesting it as a potential biomarker of
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sarcopenia, arising in patients with advanced non-alco-
holic fatty liver disease (NAFLD) [37]. Another study
reported an association between serum bile acids and
skeletal muscle volume (SMV} in NAFLD patients [38].
In this study, DCA levels were negatively correlated
with SMV of the upper and lower limbs and total SMV
while CDCA levels were positively correlated with an
increased SMV of the lower limbs. Hepatocytes exposed
to high levels of bile acids were shown to exhibit
changes in mitochondrial function, including reduced
electron transport, impaired mitochondrial respiration,
mitochondrial swelling, and outer membrane permea-
bilization, known as mitochondrial permeability transi-
tion (MPT). All these events can eventually cause cell
death [39-41]. Oxidative stress has been recognized as
a primary factor in bile acid-induced MPT which can
be responsive to antioxidant treatment [42]. We specu-
late that the opposite directions of associations between
unconjugated and conjugated bile acids with SMI may
reflect reduced conjugation of BA in the peroxisomes,
which might be secondary to the change in the mito-
chondrial function affecting the peroxisomes. Evidence
has been provided, that peroxisomes and mitochondria
exhibit a close functional interplay and coordinated bio-
genesis to address certain conditions and demands [43].

Regarding the associations between IGF-1 and the
metabolome, we observed the involvement of the same
metabolite classes, VLC-FA (NEFA 26:2, NEFA24:4, NEFA
24:2) and Cit (Table 2). As for the ratio IGF-I/IGFBP3, it
was the most associated with several LC- and the VLC-
NEFA (Table 2} which might suggest the implication of
IGT-1in the mechanisms related to sarcopenia. We tried to
test this hypothesis through PLSSEM. PLSSEM is regarded
as an effective tool for conducting exploratory research to
develop or extend theory and is particularly useful with
small sample sizes which makes a good choice in the cur-
rent analysis [20]. Despite the small number of samples,
we observed that specific indirect effects from IGF-I to
sarcopenia mediated by VLC-FA were found significant
(P<0.05), which further supports our hypothesis.

Lower levels of IGF-T have been linked to mitochondrial
dysfunction in aging rats characterized by permeabiliza-
tion, loss of membrane potential, increased proton leak
rates, intramitochondrial free radical production, and a
reduction of ATPase and complex IV activities which were
ameliorated by exogenous administration of IGF-1 in those
aging rats [44, 45]. [GF-I therapy was found to improve the
oxidative stress damage observed in aging mice with mito-
chondrial dysfunction [46] and normalize the antioxidant
enzyme activities [44, 45]. Thus, these findings suggest that
IGF-I has a cytoprotective effect closely related to mito-
chondrial protection, decreasing free radical production,
oxidative damage, and apoptosis, and an increase of ATP
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production [45]. Impaired insulin action was linked to
dysregulation of mitochondrial function, considering that
insulin signaling is a prerequisite for mitochondrial DNA
and protein synthesis and thus stimulating the mitochon-
drial oxidative capacity and ATP production [47, 48]. In line
with this, deletion of insulin receptor (IR) and [GF-1 recep-
tor (IGF-IR) in the heart, was associated with the down-
regulation of genes of the mitochondrial electron transport
chain and thus mitochondrial fatty acid p-oxidation in the
heart [49, 50]. On the other hand, other studies demon-
strated that IGF-1 has no direct effect on lipid oxidation as
a growth hormone which can directly stimulate fatty acid
oxidation in an action not mediated by insulin-like growth
factor-1 [51]. We also tested this hypothesis but none of the
direct or the indirect effects of GH on the lipid oxidation
was found significant (results not shown). Therefore, our
hypothesis that reduced levels of IGF-T1 might play a role
in mitochondrial dysfunction is reflected in the elevation
in VLC-TA and Carn.DC profiles which may play a role
in sarcopenia. Our hypothesis is supported by previous
reports on the decreases in growth hormone and plasma
IGF-1 with aging both in humans and animal models [52—
54]. However, further studies are required to confirm these
findings using large cohorts with a bigger sample size.

Strengths and limitations

Based on our findings, we have drawn a picture on the bio-
chemical pathways implicated in sarcopenia which may
contribute to the disease pathogenesis and could poten-
tially be regarded as biomarkers correlated with the sever-
ity of the disease. However, this study has some limitations
which worth mentioning such as the small sample size, lack
of information on the diet, and education, in addition to bias
in subject selection. The study also applies a targeted metab-
olomics approach which may have missed some relevant
metabolites. Accordingly, it can be considered as a proof-of-
principle, model building pilot study for future larger studies
targeting metabolic changes related to sarcopenia.

Conclusions

In conclusion, we observed a difference in the plasma
metabolic profile in association with different measures
of sarcopenia, which identifies VLC-FA and Carn.DC as
well as Cit as key variables associated with the disease
severity. These findings point to a potential link between
sarcopenia and mitochondrial dysfunction and portraits
a number of possible biochemical pathways which might
be involved in the disease pathogenesis. Large-scale stud-
ies can be used in the future to confirm the findings.
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