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l. Summary

While current metabolic imaging approaches, such as positron emission tomography,
hyperpolarized magnetic resonance (MR) imaging and localized MR spectroscopy,
provide information on localization and visualization of metabolically-active tissues and
metabolites in vivo, additional ex vivo validation and investigations are used for a
deeper molecular elucidation of biological events. Metabolomics provides an insight
into ongoing cellular processes in a living organism by analyzing and investigating
alterations of small molecule polar compounds and lipids. Many of these alterations

are directly affected by environmental and genetic factors, such as RNA expression.

In recent years, besides mass spectrometry-based approaches, nuclear magnetic
resonance (NMR) spectroscopy has been successfully established as an important
analytical technique in metabolomics due to its non-destructive nature, high
reproducibility and generation of absolute concentration values. NMR, furthermore, is
one of the closest approaches to established in vivo MR technologies allowing a direct
link from in vivo MR spectra to ex vivo NMR. NMR spectroscopy is, therefore, a perfect
tool to quantitatively analyze small polar molecules, such as amino acids, short-chain
fatty acids, energy, growth and redox metabolism-related compounds as well as

metabolites of gut microbiota and lipids.

The broad variety of NMR applications has led to the development of increased
sensitivity probes and fully-automated commercial assays. Inventions, such as the
ultrasensitive 1.7 mm microprobe, have made it possible to analyze smaller tissue or
biofluid amounts of precious samples, including small preclinical organs and tissues
or patient tumor biopsies, with appropriate precision and minimal tissue metabolite

dilution.

In this thesis project, we aimed to investigate and characterize specific metabolic
alterations to clinically-relevant immunological and neurological conditions by
employing NMR spectroscopy-based metabolomics. In line with the previous
preclinical imaging work, two preclinical models — i) acute and chronic inflammation
progression and ii) neurological gut-brain axis — were selected as core examples for a

comprehensive ex vivo metabolome characterization.

In the first project i), the delayed-type hypersensitivity reaction (DTHR) mouse model

was subjected to a dynamic immunometabolism and inflammation characterization



with the hypothesizing that the inflammation progression is related to dynamic
systemic alterations for which metabolomics readout can elucidate the ongoing bio-
molecular events. The inflammation was induced by repeated contact tissue
challenges on mouse ear tissue. Different metabolic patterns were identified arising
from either acute or chronic DTHR that correlated with the resident immune cell
response and further active cell infiltration to the inflamed location. Distinct metabolic
events, including switches between the scavenging of reactive oxygen and nitrogen
species, facilitated the detailed characterization of the detrimental effect of prolonged
inflammation and the emergency state of the system. Continuous inflammation led to
limited access to substrates for energy metabolism. Chronic DTHR further required

alternative anabolic pathways to sustain the cellular growth and repair process.

In the second project ii), a gastric bypass surgery rat model was used for the
metabolomic characterization of gut microbiota metabolites and potential gut-brain
axis communication. We hypothesized that gut-brain axis communication could be
responsible for the beneficial lasting effects after surgical intervention. Rats were fed
a liquid sucrose diet to induce obesity since high-sugar beverages and liquid caloric
consumption have become a pandemic in the adolescent population hindered by the
general concept of the Western diet. Plasma and feces were studied as gut
metabolism readout and further analyzed in the context of fecal microbiome, hepatic
lipid profiles, and brain activity imaging to obtain a holistic overview of the systemic
effects of the Roux-En-Y gastric bypass (RYGB) surgery. The gut metabolite y-
aminobutyrate (GABA) was increased in surgery animal feces together with GABA-
producing microbiota species abundance compared to sham controls. RYGB surgery
animals showed greater neuronal activation in midbrain regions that are known to be
rich in GABAergic cells, pointing towards an activated gut-brain communication

resulting from the surgery.

Two main projects demonstrate how the usage of optimized preanalytical procedures,
together with harmonized analytical NMR workflows provide reproducible data with
comprehensive insight into the metabolism of an organism ex vivo. Further outlook
includes metabolomics result integration in the context of in vivo imaging data, as the
combined result evaluation can facilitate the understanding of health and disease
progression, and help to streamline diagnostic, such as novel radiotracer

development, and therapeutic approaches.



Il. Zusammenfassung

Derzeitige praklinische bildgebenden Verfahren ermdglichen die Lokalisierung und
Visualisierung von stoffwechselaktivem Gewebe in vivo, jedoch mit begrenzter
Auflésung und geringem molekularbiologischen Informationsgehalt. Deshalb werden
zunehmend zusatzliche ex vivo Untersuchungen zur detaillierten Aufklarung
molekularer und biologischer Ereignisse eingesetzt. Die Metabolomik bietet dabei
einen Einblick in laufende zellulare Prozesse in einem lebenden Organismus durch
die Messung von Konzentrationsanderungen polarer und unpolarer Metaboliten.
Diese Metaboliten sind das direkte Resultat von Gen- und RNA-Expression und
werden aufRerdem durch Umwelt- und genetischen Faktoren stetig beeinflusst.

Als wichtige Analysetechnik in der Metabolomik hat sich in den letzten Jahren
aufgrund ihrer zerstérungsfreien Natur, ihrer hohen Reproduzierbarkeit und der
Erzeugung absoluter Konzentrationswerte die Kernspinresonanz- (NMR)
Spektroskopie neben der Massenspektrometrie etabliert. Die NMR-Spektroskopie ist
das perfekte Instrument zur quantitativen Analyse kleiner polarer Molekile wie z.B.
Aminosauren, kurzkettige Fettsauren, Energie-, Wachstums- und Redoxstoffwechsel-
bezogene Verbindungen sowie Metaboliten der Darmflora und Lipide. Der breite
Anwendungsbereich der NMR-Spektroskopie hat hierbei zur Entwicklung von Mess-
Sonden (= Probenkopfe) hoherer Empfindlichkeit und sogar vollautomatischen
kommerziellen Assays gefuhrt. Weiterentwicklungen wie der ultrasensitive 1,7-mm-
Mikroprobenkopf haben es mdglich gemacht, geringste Gewebe- oder
Bioflussigkeitsmengen wertvoller Proben, einschliel3lich kleiner praklinischer Organe
und Gewebe oder Tumorbiopsien von Patienten, mit angemessener Prazision und
minimaler Verdinnung zu analysieren.

Dieses Dissertationsprojekt hatte zum Ziel, spezifische metabolische Veranderungen
bei klinisch relevanten immunologischen und neurologischen Erkrankungen mit Hilfe
von NMR-basierter Metabolomik zu untersuchen und zu charakterisieren. In
Ubereinstimmung mit vorangegangenen praklinischen Bildgebungsarbeiten wurden
zwei praklinische Modelle als Kernbeispiele fiir eine umfassende ex vivo Metabolom-
Charakterisierung ausgewahlt: i) die akute und chronische Entziindungsprogression
im Mausmodell und ii) die neurologische Darm-Hirn-Achse in der Ratte.

In i) wurde das Mausmodell der verzégerten Uberempfindlichkeitsreaktion (DTHR)

einer dynamischen Charakterisierung des Immunstoffwechsels und von



Entzindungsprozessen unterzogen. Hier wurde die Hypothese aufgestellt, dass das
Fortschreiten einer Entzindung mit dynamischen systemischen Veranderungen des
Gewebe-Metaboloms zusammenhangt. Im Modell wurde die Entzindung durch
wiederholten Allergen-Gewebekontakt an Mauseohren ausgelést. In  den
Gewebeproben wurden anschlie3end verschiedene Stoffwechselmuster identifiziert,
die entweder durch akute oder chronische DTHR entstehen und mit der Aktivierung
ansassiger Immunzellen und der weiteren aktiven Zellinfiltration an den
Entzindungsherd korrelieren. Unterschiedliche dynamische Stoffwechselereignisse,
einschlieBlich des Wechsels zwischen dem Abfangen reaktiver Sauerstoff- und
Stickstoffspezies, ermdglichen eine detaillierte Charakterisierung schadlicher
Auswirkungen einer anhaltenden Entziindung und systemischen Notfallzustands. Wir
identifizierten auRerdem, dass anhaltende Entziindungen zu einer eingeschrankten
Zufuhr von Substraten des Energiestoffwechsels fuhrt. Chronische DTHR hingegen
resultiert in der Nutzung alternativer anabole Wege, um den zellularen Wachstums-
und Reparaturprozess aufrechtzuerhalten.

In ii) kam ein Rattenmodell fir Magenbypass-Operationen zum Einsatz. Hier
untersuchten wir u.a. Metaboliten der Darmflora und deren potenzielle Kommunikation
zwischen Darm und Gehirn. Wir stellten die Hypothese auf, dass die Darm-Hirn-Achse
fur gewichtsreduzierende vorteilhafte dauerhafte Effekte nach dem chirurgischen
Eingriff verantwortlich sein kdnnte. Dies wurde durch Metabolom-Messungen und die
Bildgebung der Gehirnaktivitat bestatigt. Im Versuch wurden Ratten mit einer flussigen
Saccharose-Diat gefluttert, um die allgemeinen Konzepte der Adipositas zu
untersuchen. Dies orientiert sich eng an der Realitat, denn der Verzehr von
zuckerhaltigen Getranken und flissigen Kalorien hat sich zu einer Pandemie
entwickelt, insbesondere in der jugendlichen Bevolkerung. Plasma und Fakalien
wurden als Indikatoren fur den Darmstoffwechsel untersucht und im Zusammenhang
mit dem fakalen Mikrobiom, hepatischen Lipidprofilen und der Bildgebung des Gehirns
analysiert, um einen ganzheitlichen und umfassenden Uberblick Uber die
systemischen Auswirkungen der Roux-En-Y-Magenbypass-Operation (RYGB) zu
erhalten. Die Veranderungen der fakalen Metaboliten nach der RYGB-Operation
korrelierten mit den Veranderungen der mikrobiellen Artenvielfalt. So war
beispielsweise der Darmmetabolit y-Aminobutyrat (GABA) in den Fakalien der
operierten Tiere zusammen mit der Haufigkeit GABA-produzierender Mikrobiota im

Vergleich zu Scheinkontrollen deutlich erhéht. Zudem deutete eine erhdhte 3-

8



Hydroxybutyrat-Konzentration in der RYGB-Gruppe auf eine hochregulierte Lipolyse
hin. Dies wurde durch ein erhdhtes Verhaltnis geradkettiger und ungeradkettiger
Fettsauren in der Leber sowie einen verringerten Leptinspiegel bestatigt. Die Tiere der
RYGB-Gruppe wiesen aul’erdem eine erhohte neuronale Aktivierung in
Mittelhirnregionen auf, die bekanntermalien reich an GABA-ergen Zellen sind, was
auf eine veranderte Darm-Hirn-Kommunikation infolge des operativen Bypass-
Eingriffs hindeutet.

Diese zwei Projektbeispiele zeigen, wie die Verwendung standardisierter und
optimierter praanalytischer Verfahren zusammen mit harmonisierten analytischen
Arbeitsablaufen in der NMR-Spektroskopie und der statistische Analyse die
Gewinnung reproduzierbarer und zuverlassiger Informationen ermdglicht, welche
einen umfassenden Einblick in den Stoffwechsel eines Organismus ex vivo erlauben.
Weitere Anwendungsbeispiele Uber i) und ii) hinaus umfassen die Integration von
Metabolomics-Daten im Kontext der in vivo Bildgebung. Hier kann eine kombinierte
Ergebnisauswertung aus ex vivo und in vivo Daten das Verstandnis von Gesundheit
und Krankheitsverlauf verbessern und dazu beitragen, kinftige diagnostische
Ansatze, wie z.B. die Entwicklung neuer Radiotracer und therapeutische Ansatze zu

vereinfachen und beschleunigen.
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Abbreviation Full title

1D One dimensional

H Proton, hydrogen
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ADP Adenosine diphosphate

Al Artificial intelligence

ANOVA Analysis of variance
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Bo Magnetic field

BBO Broadband observe
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CNVs Copy number variations
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COsYy Correlation spectroscopy

CPMG Carr-Purcell-Meiboom-Gill

DAD Diode array detector

dd Doublet of doublets
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DTHR Delayed-type hypersensitivity reaction
AE Difference in energy
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GWAS Genome-wide association studies
HMBC Heteronuclear multiple bond correlation
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TOCSY
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Human metabolome database
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Long noncoding ribonucleic acid
Pro-inflammatory macrophage

Megahertz

Messenger ribonucleic acid

Micro ribonucleic acid, single-stranded, non-coding RNA
Metachromatic leukodystrophy

Magnetic resonance

Mass spectrometry

Methyl tert-butyl ether

Metabolome-wide association studies
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Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide phosphate

Nuclear magnetic resonance

Nuclear Overhauser effect spectroscopy
Oxidative phosphorylation

Principal component analysis

Positron emission tomography
Potential of hydrogen
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Ribonucleic acid

Reactive oxygen and nitrogen species
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Standard operation protocols
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1. Introduction
1.1. Metabolomics as a tool for metabolism and phenotype studies

Metabolic imaging in vivo is of great clinical and practical importance as it provides
real-time and dynamic information on the ongoing metabolic processes in a patient or
an animal model '-3. However, current magnetic resonance imaging (MRI) and positron
emission tomography (PET)-based approaches are restrained in their spatial
resolution to truly elucidate ongoing processes on a molecular level. Novel
approaches, such as hyperpolarized magnetic resonance (MR) imaging, overcome
some of these limitations but are suited to detect only a limited number of metabolites
and pathways. When an imaging approach indicates a metabolically active area of
interest in the form of perfusion, oxygenation map or radiotracer uptake, further
multimodal approaches can be used for the validation ex vivo. Such approaches,
including autoradiography, immunohistochemistry, immunofluorescence,
fluorescence-activated cell sorting (FACS) or different omics techniques, aim to
provide a deeper understanding and detailed view of either cellular species or ongoing

bio-molecular events.

Metabolomics, also referred to as metabonomics, is one of the youngest omics fields
and lies at the very end of the omics cascade being the closest readout to the
phenotype of an organism (Figure 1) 4. Thus, ex vivo metabolomics is well-suited to
complement in vivo metabolic imaging obtained information on a deeper molecular

level.

Metabolomics focuses on small molecule compounds with a molecular weight usually
below 1,000 Dalton. These molecules include typical eukaryotic organism compounds,
such as lipids, carbohydrates, amino acids and vitamins. The investigation of
metabolite interactions, interconversions and their overall role in metabolism is the
subject of the research field of metabolomics. Metabolomics, therefore, provides an
inter-matrix, inter-species and inter-health/disease-comparable functional readout.
Metabolites are directly or indirectly affected by the activity of proteins and peptides
and can provide feedback for gene expression at the same time. Both metabolome
and proteome are a readout of upstream genetic and transcriptomic preconditions and

alterations ¢ and are further regulated by the epigenome.
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Figure 1: Main biological omics layers connecting environmental factors to phenotype.
Metabolomics is the final layer of the cellular omics cascade and the closest small molecule
readout point to the phenome. External environmental alterations arising from population,
pollution, radiation, microbes, temperature or diet, are directly or indirectly affecting the
genome, and therefore downstream transcriptome, proteome and metabolome of living

systems. Adapted from Krumsiek, J., et al. 2016 ©.

The complexity of the cascade is reduced from level to level. Many genes are involved
in the production of a specific enzyme. Several enzymes, however, use the same
metabolite as a substrate or product during specific enzymatic reactions. For example,
glutamate is a small molecule metabolite, crucial for nucleic acid and protein
biosynthesis. Glutamate can be used in the alanine-aspartate-glutamate metabolic
pathway by glutamine synthetase and 1-pyrroline-5-carboxylate dehydrogenase; in
arginine and proline metabolic pathway by glutamate 5-kinase; in histidine metabolism
by glutamate formiminotransferase / 5-formyltetrahydrofolate cyclo-ligase; in taurine
and hypotaurine metabolism by glutamate dehydrogenase; in butanoate metabolic

pathway by glutamate decarboxylase; in glyoxylate and dicarboxylate metabolism by
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methylaspartate mutase; in neomycin, kanamycin and gentamicin biosynthesis
pathway by (butirosin acyl-carrier protein)--L-glutamate ligase; and in porphyrin
metabolism via glutamyl-tRNA synthetase. This shows how at least 9 different
enzymes can use the same metabolite as substrate. On top of that, the complexity
increases in a similar manner as similarly to degradation, glutamate can be yielded via

several different enzymatic reactions 7.

Hence, one of the biggest advantages of metabolomics — as a reduced complexity
system and its closeness to the phenotype — is also its biggest challenge, often limited
to the static readout of the metabolome at a specific point in time without detailed
information about surrounding fluxes. Further knowledge of specific metabolite
involvement in systemic events and surrounding metabolite concentration alterations
within specific pathway networks can aid approximation and conclusions about the
metabolic pathway in action. Isotope-labelled standards and substrates can be further

employed for detailed flux analysis.

Metabolite concentrations are also matrix specific — demand for a certain metabolite
and metabolic pathway activity varies from organ to organ. For example, in the case
of glutamate, it is known that from the total glutamate load in an organism, only a small
percentage is used for neurotransmitter (such as y-aminoburyrate, GABA) synthesis,
while the rest is used between protein production, energy and redox metabolism,
transamination and translation processes, divided between liver, pancreatic p-cells

and brain 8.

Additionally, the metabolome is the final readout of several environmental factors’
impact, such as diet, economic and social background-related aspects, social
environment, exposure to toxins, exhaust fumes and pollution, radiation, the
temperature of the environment and bacteria (Figure 1) 6. Of note, the vast majority
of metabolites within an organism are not produced by the organism itself but result

from nutrition, external exposure and bacterial activity.

In the last two decades, metabolomics has gained popularity due to its versatile
applications in life sciences. In the medical field, metabolomics aids the identification
of biological targets for drug discovery ° by elucidating pathways, identifying
biomolecular processes affected by target engagement, determining a mode of action
and quantifying unusual metabolite species in a context of a specific disease or
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condition °. Even though novel drug types based on peptides, proteins or gene
transcripts are gaining importance, to date the vast majority of pharmaceuticals is
based on small molecules. Thereof, especially pharmaco-metabolomics '°, plays a
crucial role in different stages of drug development ''. Here, drug response studies
adopt cell culture or preclinical models '2 to elucidate potential differences in individual

response to treatment and set margins for expected success rate ° 3.

Despite the fast growth and economic investment in the world’s pharmaceutical
industry, the latest Biotechnology Innovation Organization report stated that only about
8% of drugs that enter phase | clinical trials reach approval '*. Moreover, an overview
opinion article from 2001 claimed that 50 — 75% of patients appropriately respond to
the majority of pharmaceutical treatments, with the lowest efficacy of around 25 — 30%
estimated for oncological radiotherapy, and the highest of 80% response rate for cox-
2 inhibitor-based treatments '5'7. As for now, the current estimation is that 1 in 10
compounds that enter clinical trials will succeed to reach patient bedside '&'°, despite
the technological advancements and new approaches of target discovery and drug

development over this time.

Isolated cell and preclinical models, poor translation and incomplete correlation with
human functions, long clinical trials, patient diversity and cohort variations, and
accumulating costs are just a few of the commonly speculated reasons for many
unsuccessful drugs. Artificial intelligence (Al)-supported modelling of potential
complex interactions, alterations and other information, otherwise hard to
comprehend, could be a potential solution ?°. Here, we once again and more than ever
depend on basic life science, a fundamental understanding of biomolecular events,
pathways, molecular interactions and possible products, all potentially aided to some
extent by metabolomics, in order to feed the Al with the most complete knowledge for

functional models.

Since then the field of individualized medicine approaches based on genetic traits has
been widely discussed and explored, including genome-wide association studies
(GWAS). Metabolomics together with other omics approaches is therefore particularly
interesting for metabolome-wide association studies (MWAS) to determine specific
risk factors and biomarker fingerprints for better patient stratification and individualized
treatment 2'. Furthermore, omics readouts and conclusions can be used to propose

lifestyle and nutrition interventions and to consult public health policy 2224 The
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identification of novel robust metabolic biomarkers and their addition to the routine
laboratory card is something expected to fundamentally change our health system

from treatment towards prevention and personalized precision medicine.

1.2. Metabolomics and metabolic pathways

All biological samples, whether deriving from cell culture, or being a biofluid or tissue
biopsy, consist of a complex mixture of metabolites. A metabolite can be an
intermediate or an end product of one or, more commonly, several metabolic pathways
interconnected in a convoluted pathway network. Each pathway has a significant
function in the buildup or breakdown of a specific molecular target for necessary
cellular processes that can be altered upon a pathology. According to the Kyoto
encyclopedia of genes and genomes (KEGG), there are ten main super pathways:
carbohydrate metabolism, energy metabolism, lipid metabolism, nucleotide
metabolism, amino acid metabolism, glycan metabolism, metabolism of cofactors and
vitamins, biosynthesis of terpenoids and polyketides, biosynthesis of other secondary
metabolites, and xenobiotics biodegradation (Figure 2). All super pathways are
interconnected in a complex and overlapping metabolism network with a total of more

than 400 sub-pathways 2°.

(Figure 2 legend continued) Metabolic super-pathways illustrated as individual colors —
carbohydrate metabolism dark blue, energy metabolism purple, lipid metabolism dark green,
nucleotide metabolism light orange, amino acid metabolism yellow, glycan metabolism light
blue, metabolism of cofactors and vitamins pink, biosynthesis of terpenoids and polyketides
light green, biosynthesis of other secondary metabolites dark pink, xenobiotics biodegradation
dark orange — with metabolites as dots and reactions as nodes connecting the dots. Obtained

from Kyoto encyclopedia of genes and genomes (KEGG) .
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Figure 2: The complexity of metabolomics pathways illustrated in a metabolite network map.
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As the youngest field in omics cascade, metabolomics still possesses a lot of
unknowns. It is estimated that only around 2% of metabolome from a biological sample
can be annotated to a known compound, which leaves the rest of 98% as the so-called

‘dark matter’ of metabolomics 2.

Many metabolic pathways employ reactions of different amino acids, peptides,
nucleotides, co-factors, vitamins, and lipids as substrates for cell growth, repair or

energy demand (Figure 3).

Common energy-related metabolic pathways include glycolysis, oxidative
phosphorylation (OXPHOS), and tricarboxylic acid (TCA) cycle, of which the main goal
is ATP production 27 and the regeneration of redox equivalents such as NAD* or
NADP* (Figure 3, energy, yellow). Indeed, amino acids and their enzymatic
conversions are not only important for protein synthesis but play also an important role
in the maintenance of TCA cycle function serving as anaplerotic and cataplerotic

substrates 8.

One-carbon metabolism, including folate and methionine cycle, primarily aims to
provide methyl components, one-carbon units, for the synthesis of purines, lipids,
pyrimidines and translation factors but is also an important substrate provider for the
trans-sulfuration pathway which produces glutathione — one of the most important

scavengers of reactive oxygen species in cells 2° (Figure 3, redox, green).

Phospholipid synthesis pathways are crucial for cellular maintenance, membrane
buildup and degradation. Here, the Kennedy pathway fundamentally explains how
intracellular ~ ethanolamine  and choline  are used to  synthesize
phosphatidylethanolamine and phosphatidylcholine, which are two of the three major

membrane lipids together with phosphatidylserine and phosphatidylinositol.

The Kennedy pathway is often altered in cancer and in genetic diseases 3'-3? (Figure

3, growth and repair, blue).

Metabolites can be produced by enzymes and serve as substrates for several
metabolic pathways. Therefore, the metabolic landscape is complex, interconnected
and susceptible to deep perturbations in presence of a pathogen, mutation or other

challenges.
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Figure 3: Common metabolites and their interconnection within redox, energy, membrane growth and repair metabolic pathway
network. Metabolites in bold are quantified by NMR spectroscopy, while metabolites in grey are important metabolic points, yet were not
quantified by NMR. Pink arrow illustrates electron transport chain (ETC) and oxidative phosphorylation (OXPHOS) at mitochondrial membrane
and matrix (dark green). Numbers | — V represent mitochondrial complexes involved in ETC and OXPHOS. Figure created based on Martinez-

Reyes, |. et al. 2020, and Inigo, M. et al. 2021 27:3°,
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1.3. NMR spectroscopy as a tool for metabolomics research

The most common tools employed for metabolomics research are mass spectrometry
(MS), commonly in hyphenation with gas or liquid chromatography (GC/LC), and NMR
spectroscopy. LC/MS-based approaches largely dominate most omics fields due to
the large variety of types of instruments, the possibility to couple them with
chromatography and UV/DAD detectors, and potentially of most importance, the

sensitivity of this method and, therefore, larger amounts of detected features 32,

Meanwhile, the main advantages of NMR spectroscopy-based metabolomics include
its non-destructive nature, robustness, fast measurement, inexpensive and
straightforward sample preparation, and most importantly, intrinsic quantitative
molecule identification. Moreover, the relatively simple sample preparation is also the
reason why NMR spectroscopy-based metabolomics provides biologically relevant

and almost unaltered insight into the metabolomic state of investigated system 34,

1.4. Principles of NMR spectroscopy

The main principle behind NMR spectroscopy, as the name implies, is the detection
of the intrinsic properties of the chemical element nuclear spin magnetic moment. The
properties of an NMR and relaxation were first described by Felix Bloch in 1946 by

mathematical analysis of a series of nuclear induction experiments .

A proton ('H), which is the most commonly investigated atom by NMR, has a 100%
natural abundance, a nuclear spin of 2, generating its own magnetic field, and is

therefore widely used in NMR spectroscopy 6.

Protons (and atoms in general) in their regular state have their individual magnetic
field moments oriented in random directions (Figure 4a). Application of a strong
external magnetic field (Bo) leads to the alignment of e.g. proton magnetic fields with
or against the external magnetic field (Figure 4b) 6.

This difference in energy (AE) between aligned spins with and against the magnetic
field (Figure 4c) is what can be measured by NMR spectrometry in the range of
radiofrequency of the electromagnetic spectrum. The strength of the external magnetic
field directly influences how large the AE is. High-field NMR spectrometers are
available in a wide range, up to 1.2 GHz (28.2 T), however, typically commercially
available spectrometers are between 300 to 800 MHz (7.05 - 18.8 T) 3. While
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spectrometers > 800 MHz are typically used for the structure elucidation of large
proteins, spectrometers between 500 and 700 MHz are used for metabolomics while

instruments with lower frequency — are for food or chemistry applications.
(a) 1 (b) () 3
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Figure 4: Physical principles of nuclear magnetic resonance. (a) Proton spin orientation
in a regular environment is random; (b) when external magnetic field BO is applied (black x
axis), protons align with or against it; (c) there is an energy difference (AE) between protons
aligned with (a proton) and against (B proton) the magnetic field which is related to the Bo
strength; (d) radio wavelength pulsation is applied to disturb the proton alignment with the field
(pink lines); (e) two protons with a chemically different environment are affected to a different
capacity leading to different relaxation times back to the original direction of BO (dashed
arrow); (f) the relaxation of protons is registered as free induction decay (fid) of different
resonances (yellow and green); (g) individual proton peaks are resolved in the frequency
domain after a mathematical Fourier transformation (FT) (yellow and green peak, colorblind-

friendly color palette). Figure based on Holzgrabe, U. et al., 2008 .

Protons, e.g. a and 3 (Figure 4c), then are excited with specific radiofrequency pulses
(Figure 4d), aimed to match the change in energy, experience a spin flip, and a
spectrometer can measure the absorbance of radio wave frequency during the
relaxation (Figure 4e) (absorbance or emission of radio wave photons), also known as

the resonance. This signal is detected, amplified and recorded as free induction decay

28



(fid) (Figure 4f), sinus waves with decreasing magnitude as the nucleus re-aligns itself
with the Bo (Figure 4e) 36

AE is not only dependent on the external magnetic field Bo but also the structure of the
molecule that these atoms are part of. As each proton is in a unique chemical
environment and affected by the whole molecule’s magnetic field, it leads to a slightly
different fid in the time domain (Figure 4f) 35. Further, the time domain is converted
into a frequency domain via Fourier mathematical transformation (FT) 39, which is more
commonly known as the NMR spectrum with different protons visually represented as
peaks (Figure 4g). Protons that have higher electron density around them due to
specific molecular structure experiences a lower magnetic field and is, therefore, less
shielded (de-shielded) by the external magnetic field, leading to their appearance more
towards the left side of the spectrum downfield (Figure 4g, green peak). Meanwhile,
protons in a less electron-rich environment will experience a stronger effect from the
external magnetic field and will be, so-called, shielded resulting in their peak
appearance being more up-field (on the right in frequency domain) 3¢ (Figure 4g,

yellow peak).

Not only that, protons attached to neighboring carbons have an additional influence
from their neighbor protons. Magnetic spin state interactions lead to peak splitting into
doublets, triplets and further multiples, depending of the number of non-identic
neighboring proton interactions in the spin system and independent on the metabolite
concentration. For instance, different metabolites with the same molecular formula,
such as CsH1206, can have one (scyllo-inositol), few (myo-inositol) or many peaks
(glucose) in the NMR spectrum (Figure 5). This is a key property for complex mixture
elucidation, such as metabolome, allowing the identification of individual molecules

based on their peak splitting patterns in the convoluted spectra.

As most metabolites do have several 'TH-NMR resonances, this can result in a very
busy spectrum and complicates the annotation. For example, a typical tissue or urine
spectra may consist of between 50 to 90 metabolites 4%*'. To be able to elucidate such
a metabolome, high-quality spectra are required, considering optimal shimming and
solvent suppression. An optimal spectrometer configuration is therefore a prerequisite

for performing NMR-based metabolomics successfully.
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Figure 5: An example of a 1D NMR spectra of glioma tumor biopsy patient tissue, with assigned glucose, myo-inositol and scyllo-
inositol. Partial NMR spectra between 3.2 and 3.8 ppm illustrating different metabolite peaks in relation to the ppm (x axis) and peak intensity (y
axis) scale. All three illustrated metabolites have the same molecular formula of CsH120s, yet their molecular structure determines their unique
peaks and separation in the NMR spectra. scyllo-Inositol (pink) is a singlet at 3.32 ppm. myo-Inositol (green) resonates as a triplet at 3.24 ppm,
doublet of doublets (dd) at 3.51 ppm, triplet at 3.60 ppm and triplet at 4.0 ppm (not visible here). Glucose (blue) resonates as a dd with a shift of
3.22 ppm, dd at 3.39 ppm, doublet of triplets (dt) at 3.45 ppm, dd at 3.52 ppm, dd at 3.71 ppm, dd at 3.81 ppm and two doublets at 4.6 (-glucose)
and 5.22 (a-glucose) ppm (not visible here). The red outline shows the total assigned peak areas in the spectra and the black outline is the

originally recorded spectra (representative NMR spectra of preclinical mouse ear tissue from own recorded dataset).
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The most commonly applied nuclei for NMR spectroscopy are the already mentioned
proton ('H), but also carbon ('3C), nitrogen ('°N), fluorine (°F), and phosphorous (*'P)
as they have an odd number of protons and/or neutrons, which is the basis for nuclear
magnetic resonance observation. For example, 3'P spectroscopy is especially
interesting for phospholipid species investigations 4243, as general cell membrane
growth and repair-related species are often affected by disease state and progression,
as it has been specifically reported in glioma IDH mutations-related brain tissues 444
and blood 46, 13C is often used as a complementary method to 'H spectroscopy, as
specific 2D experiments, such as heteronuclear multiple bond correlation (HMBC)
experiment or heteronuclear single quantum coherence (HSQC), allow complex
molecular structure elucidation and additional confirmations of individual molecules

present in complex mixtures 4748,

While there are specific applications for several nuclei in the metabolomics field, still
the most commonly used nucleus remains 'H due to its vast abundance, and therefore
most standard operation protocols (SOPs) and studies are based on 'H-NMR. Of note,
there are different NMR probe diameters and nuclei configurations available, ranging
from triple resonance inverse (TXI) to broadband observe (BBO) probes allowing for
simple 1-2 dimensional homonuclear or sophisticated 2-4-dimensional heteronuclear

experiments.

Furthermore, advanced pulse programs exist for further elucidation of molecules within
mixtures. For example, a homonuclear 2D experiment of correlation spectroscopy
(COSY) correlates between proton chemical shifts of protons in a near vicinity
(geminal or vicinal) through their scalar couplings. Meanwhile, total correlation
spectroscopy (TOCSY) provides information about all the protons within the same spin
system 49, Another 2D experiment can resolve J-couplings (JRES) to determine which
protons are coupled within a spin system and reveal overlapping resonances of

different spin systems by de-convoluting the spectrum 50,

1.5. Samples and preparation workflow

"H-NMR spectroscopy-based metabolomics analysis can be performed on a very wide
range of samples — from individual cell cultures %'-52 or 3D cultures %3, soil %, plants
and their extracts, food %57, preclinical model organisms %8, organs and biofluids 5961,

to complex human biofluids 6267, feces %8, and tissue biopsies 8970,
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Crucial aspects of the metabolomics analysis in NMR are similar to MS-based
metabolomics and other omics analysis. One of them is the requirement of sufficient
experimental design 7. It is important to collect pre-analytical information about how
large a cohort is investigated and if the size of the cohort is appropriate to answer the
research question; how the samples are collected; possible time and temperature
effects on sample collection; and the use of an optimized protocol for sample

homogenization and metabolite extraction, appropriate for sample matrix 72.

Furthermore, to ensure the reproducibility and validity of the data, any analytical biases
should be avoided during sample grouping in batches or possible sample degradation
should be estimated. Here, several techniques such as randomization, blanks, quality
control protocols, internal or reference standards, and dilution series can be applied

to help avoid an analytical bias.

The final challenge is data interpretation. Appropriate statistical analysis needs to be
employed for true biomarker and metabolic pattern discovery 7. Depending on the
sample type, different approaches can be used. Special attention should be paid to
spectra assignment, appropriate choice of a statistical test related to cohort size and
data distribution within the cohort, application of false discovery rate to correct for false
positives, and estimation of confounding factors 7. Additionally, the statistical total
correlation spectroscopy (STOCSY) approach can be used to create pseudo-two-
dimensional spectra where peak correlations can reveal biological covariance and
metabolites involved in the same pathway 7°. For high-throughput data preprocessing,
the spectral binning approach is used where spectral data is simplified by assigning a
part of spectra to one categorical bin value, bins then are assigned to specific
metabolites or their combinations, and analysis is performed on the bins rather than

on individual metabolite annotations in spectra ®.

A typical workflow for NMR spectroscopy-based metabolomics includes several
consequent steps: sample preparation, spectra acquisition, spectra processing and
metabolite annotation, statistical data analysis, interpretation and presentation (Figure
6). First, samples are obtained from a pre-clinical or clinical study with a specific
research question and hypothesis, related to the chosen sample matrix (Figure 6a).
Second, if samples are in a solid state (e.g. pre-clinical organs or clinical biopsies), a
homogenization step, e.g. by means of cryogenic pulverization is necessary prior to

metabolite extraction (Figure 6b).
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(h)

SAMPLE PREPARATION ACQUISITION PROCESSING ANALYSIS

Figure 6: Harmonized workflow from sample preparation to data analysis for
metabolomics. (a) For all sample matrices, e.g. cell culture, preclinical and clinical tissue
samples, we use (b) standardized pulverization protocol using e.g. CP02 cryoPREP
automated dry pulverizer, and (c) 1-phase or 2-phase ultra-sonicated extraction by e.g.
optimized Covaris manufacturer's protocol. (d) Bruker Biospin 1.7 mm autosampler-
compatible NMR tubes are filled with metabolite suspension in 1mM internal standard (TSP)-
containing standardized phosphate buffer. (¢) Measurements are acquired on a 600 MHz field
strength NMR spectrometer for proton (H) measurements, and optimized pulse programs are
used with water suppression (measurement time optimized for individual tissue/fluid
amount/metabolite concentrations. (f) Bruker TopSpin software is used for spectral acquisition
and for unified spectral processing. (g) Chenomx commercial software is used for metabolite
assignment, employing internal standards for metabolite concentration calculations. (h)
Statistical analysis is performed by MetaboAnalyst web server and Prism GraphPad software

(parts of the figure created with Biorender.com).

Other samples, such as cell culture, preclinical blood or feces can be directly subjected
to metabolite liquid extraction protocol by ultra-sonication 77 (Figure 6c) or bead-
beating 8. Two solvent systems are commonly used for a simultaneous extraction of
both polar and lipid metabolites. Cell culture metabolites are usually subjected to 1-
phase methanol, chloroform and water mixture, as it is optimal for small molecular
weight compounds 79-8°, Metabolites from more complex matrices, such as tissue or
feces, containing significant concentrations of lipid species are extracted by methanol,

methyl tert-butyl ether (MTBE) and water mixture leading to 2 solvent phases 8'. After
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extraction, for the 2-phase protocol, polar and lipid phases are divided and analyzed

separately.

As for "TH-NMR spectroscopy, it is crucial to remove any excess proton signal that can
shield lower concentrated metabolite protons in the spectra. Therefore, any extraction
solvent containing protons has to be evaporated. For that, a vacuum concentration or
lyophilization (freeze-drying) can be used. The dried metabolite pellet then is re-
suspended in a deuterated water buffer solution containing potassium hydrogen
phosphate, and sodium azide that is adjusted to neutral pH 2 for polar phase analysis,
or deuterated chloroform for lipid phase analysis. Moreover, an internal chemical
standard is commonly used for later quantification. While there are limitations and
extensive research on internal chemical standards and other quantification
possibilities, commonly reported internal chemical standards include sodium 3-
(trimethylsilyl) propionionate-2,2,3,3-d4 (TSP-d4) 8, and sodium 4,4-dimetyl-4-
silapentane-1-sulfonate (DSS-ds) 8 for polar analysis, while tetramethylsilane (TMS)
is commonly used in non-polar solutions °°. Moreover, some metabolites, such as
fumarate and maleate are investigated as potential internal standards 8 yet mainly for
protein spectroscopy, as these metabolites are intrinsic to several tissues and
biofluids.

Once the metabolite mixture is prepared, NMR tubes can be filled (Figure 6d).
Depending on the amount of sample, different sizes of tubes and filling volumes exist.
For most pre-clinical applications and precious clinical tumor tissue biopsies, a 1.7 mm
room temperature probe is a good choice, as 1.7 mm NMR tubes require only 40 pL
of supernatant to achieve the minimum filling volume for appropriate filling height in
the tube. In comparison, a 5 mm NMR spectrometer probe with 5 mm NMR tubes
requires 600 pL of supernatant volume or for 3 mm — 200 uL, which is still 5-fold higher
volume, which for small precious tissue amounts leads to dilution, resulting in some

metabolite concentrations below the limit of detection.

Spectra acquisition (Figure 6e) is carried out using optimized pulse programs, such as
the 1D nuclear Overhauser effect spectroscopy (NOESY) sequence, providing
efficient excess water suppression and Carr-Purcell-Meiboom-Gill (CPMG) sequence,
that is optimized for efficient water and lipid background suppression 8. Each sample
type requires some optimization to establish a necessary number of scans for

appropriate metabolite quantification in spectra related to the necessary time.
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Typically, preclinical samples in a 1.7 mm probe require between 1 to 4 h
measurement time per sample. While one would consider that longer time equals
better spectra, it must be taken into consideration that with more iterations also the
background noise gets amplified, and a balance between signal-to-noise ratio is

therefore desired.

After the acquisition, spectra are acquired as fid, which then need to be Fourier
transformed and processed for further annotation, using Bruker TopSpin software
(Figure 6f). Then spectra are imported into Chenomx NMR mixture analysis
commercial software and annotated based on the Chenomx reference compound
library and human metabolome database (HMDB) & reference spectra (Figure 6g).
These libraries contain reference compound spectra with peak areas under the curve,
that in relation to an internal standard allow calculating metabolite absolute
concentrations in the mixture. As an output, a spreadsheet with the metabolite list and
quantified concentration in each acquired sample is acquired. Similarly, other available
software solutions for spectra processing and annotation include MestreNova and
Bruker AMIX with an internal reference compound library of around 800 compounds
(BioRefCode) 8-89, Other NMR spectra databases include NMRShiftDB, biological
magnetic resonance bank, and Birmingham metabolite library (BML-NMR) as publicly
available, yet limited in their numbers of compounds and without integrated usage
ability 9.

Finally, data is evaluated by univariate and multivariate statistical analysis and
visualized for interpretation. MetaboAnalyst °! is commonly used as an online R-based
platform for metabolomics data evaluation (Figure 6e), however, many other R- or
Python-based scripts exist. MetaboAnalyst online tool includes features, such as
statistical visualization for t-test, volcano plot and analysis of variance (ANOVA), auto-
scaled feature heatmap visualization tool, principal component analysis (PCA) and
additional regression models of partial least-squares discriminant analysis (PLS-DA),
correlations analysis between features, all aiming for appropriate data exploration.
Furthermore, additional data visualization and statistical analysis can be performed
via Graph Pad Prism (Figure 6h). Altogether, the NMR spectroscopy-based
metabolomics pipeline provides a pipeline for obtaining quantitative information on the
investigated sample metabolome, illustrates the largest sources of differences and

proposes interesting target compounds for further interpretation. In addition, a more

35



comprehensive analysis can be carried out including information on enriched

pathways and metadata integration, such as transcriptomics or proteomics data.

1.6. Inflammation, immunology and immunometabolism in metabolomics

Metabolomics is widely used in preclinical and clinical research as it allows one to
obtain an overview of a metabolic profile based on distinct pathways and interactions.
In recent years, metabolomics has been successfully applied in inflammatory disease

research of immunometabolism.

For example, macrophage energy metabolism is largely affected during bacterial
infection °2. Moreover, Fuchs, A. L., et al. 9 investigated metabolomics differences
between pro-inflammatory and anti-inflammatory macrophage cultures and revealed
alterations in macrophage energy and growth metabolism as well as reactive oxygen

and nitrogen species (RONS) scavenging capacity .

Mixed immune cell metabolic alterations have been reported to be a readout of several
autoimmune diseases, such as psoriasis and rheumatoid arthritis %. For instance,
high-resolution magic angle spinning (HR-MAS) NMR spectroscopy analysis indicated
alterations in taurine, ascorbate, and other RONS-related metabolites in relation to
inflammatory cytokines in psoriasis patient skin °. In another study, 'H-NMR
spectroscopy was used to investigate metabolic profiles of peripheral spondyloarthritis
and reactive arthritis in patient synovial fluid or serum, revealing similar metabolic
signatures between the two conditions 9. Sufficient immunometabolism
characterization is still needed for further therapeutic intervention point determination
and biomarker identification for improved disease early-stage diagnostics. The
metabolomics approach can not only elucidate the ongoing cellular and molecular
alterations but also serve as a platform for characteristic metabolite identification that
can be further employed as substrates for novel radiotracer development.

1.7. Gut microbiota and metabolomics

The activity of gut microbiota has been shown to be tightly connected to the immune
system of its host and, therefore, potential alterations in the composition of the
microbiome can directly affect the host’s health °”. Common gut microbiota-related
disease conditions include neurological disorders %; cardio-metabolic diseases, such

as obesity 99190 type 2 diabetes 1192, or non-alcoholic fatty liver disease 9% 103-106;
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digestive diseases, such as inflammatory bowel disease '97 and irritable bowel
syndrome '%8; or even breast 912 or colon cancer 315 and food allergy 97> 1.
Routine sample types used to investigate gut microbiota-related metabolic alterations
are biofluids 7, such as blood (plasma or serum) ' urine '8, and feces "9, as the
biofluid collection is the least invasive. Biofluids provide an excellent readout of the
general phenotype in health and disease, including microbiota-related alterations.
Bacterial metabolism has been shown to involve mainly short-chain fatty acids (SCFA)
as a product of a carbohydrate diet ' and branched short-chain fatty acids as a
product of a protein diet, some organic acids (benzoate, phenyl acetate,
hydroxyphenyl acetate, hydroxyphenyl propionate), aromatic amino acids '%°, and
vitamins "7 and hence these metabolites are often associated with gut microbiota.
Moreover, bacteria are able to transform bile acids, several amino acids, e.g.
branched-chain amino acids (BCAA), amines, and even lipid species, e.g. glycerol. All
these compounds can be observed and quantified by NMR spectroscopy to further

characterize microbiota perturbations related to health and dysbiosis (Figure 7).

Microbiome-related alterations in bile acids are reported of high interest due to their
relevance for lipid digestion and antibacterial properties and therefore role in
homeostasis maintenance '?'. Yet some probiotic bacteria have the potential to resist

bile acid antibacterial activity by altering their energy metabolism 121,

SCFAs are produced from dietary fiber via bacterial fermentation and play a role in the
maintenance of sufficient gut-brain axis signaling 22, cognitive performance 123, gut
barrier stability and intestinal homeostasis '?4. It has been also shown that sufficient
brain damage reflects in the dysbiotic gut consequently reducing SCFA 125126
Similarly, dysbiosis and reduction of fiber fermentation were shown in colorectal

cancer 177,

Common SCFAs include acetate, propionate and butyrate. Acetate has been
correlated with decreased visceral fat and therefore lowered risk for cardiac disease
128129 Cognitive function has been reported impaired in correlation with circulating
acetate depletion '3°. Moreover, butyrate is reported to have an immunomodulatory

effect, and role in infection development 13! via macrophage preconditioning 32133,
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Figure 7: Common substrates and bacterial-origin metabolites. Bacteria produce many
important metabolites and intermediates from available protein, fiber and nutrient substrates.
Common bacteria metabolites include branched-chain amino acids (BCAA), short-chain fatty
acids (SCFA), amines and cresols, which can be transported to the liver for enzymatic
modifications and further distributed to other organs. Figure reproduced and based on Brial,
F., etal. 2018 "%,

Other gut microbiota-produced metabolites, such as inosine and trimethylamine N-
oxide (TMAO), are also involved in immunomodulatory pathways and can be used in
determining the success of tumor immunotherapy '35, Inosine was shown to support
intestinal health 36 and improve treatment efficacy through adenosine receptor binding
137 TMAO improves CD8* T cell-mediated anti-tumor immunity by stimulating

pyroptosis'3® — a programmed cell death of inflammatory cells upon microbial infection
139

Branched short-chain fatty acids, such as isovaleric and isobutyric acids, are produced
by BCAA degradation and have an impact on cellular metabolism 4% and structural
integrity 41, interfering with insulin-related glucose and lipid metabolic processes '42.
Increased isovaleric acid concentration has an adverse effect on neurotransmission

and has been even linked to depression 143,

Circulating leucine, isoleucine, and valine (BCAA) are mostly re-absorbed, crucial for
organ development, function and signalling processes, however, accelerated BCAA
concentrations in blood have been linked to obesity, insulin resistance and type 2
diabetes 44145, Bariatric surgery has been shown capable of reverting excess BCAA
accumulation in blood and generally reverting metabolic syndrome 46, However,

bariatric surgery comes with great risks and adverse effects 47, including malnutrition,

38



alterations in anatomy, prolonged bleeding risk of infection '8, and increased risk of
colorectal cancer '#°. There is still a need for mechanistic and metabolomic information
that characterizes in detail gut microbiota alterations and effects on the host.
Mechanistic causes of successful weight loss arising from surgical intervention are not
yet entirely understood, and further work towards novel therapeutic targets and

approaches that allow avoiding such greatly invasive surgery is needed.

1.8. Key topics of this thesis

Both immunometabolism and neurological disorders are important topics in broader
preclinical and clinical research. Molecular findings on the metabolomics level can be
further correlated with additional omics layers or, for example, metabolic imaging in
vivo for therapeutic target identification and improved treatment development. Herein,
precise experimental planning and sampling can provide an important knowledge
basis to better understand the dynamic imaging data output and elucidate specific
ongoing metabolic events towards advanced medical diagnostics, including the
identification of substrates for radiotracer development for medical imaging or even
elucidating molecular targets for therapy. Established preclinical research-relevant
animal models for immunology and neurology were selected to investigate the link
between alterations in tissue, fecal and blood metabolites, and systemic responses to

specific manipulation or intervention.
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2. Objectives and expected outcome

In this thesis project, we chose two highly-relevant preclinical disease models in the
fields of neurology and immunology, that have been previously studied with different
imaging approaches established in our department. These models were used to
elaborate metabolic profiing and metabolic pathway elucidation by NMR

spectroscopy-based metabolomics by applying

i. a highly reproducible and quantitative analytical chemistry approach (NMR
spectroscopy) with a novel ultra-sensitive 1.7 mm room temperature probe,
ideal for low quantity and precious sample analysis;

ii. and optimizing in-house pre-analytical standard operation procedures (SOPs)
for tissue homogenization and two-phase metabolite/lipid extraction;

iii. reproducible and harmonized workflows for spectral acquisition and
chemometric analysis (metabolite assignment, quantification) until the

statistical evaluation of obtained metabolomics data.

The general hypothesis of this work was that the addition of metabolomics data to
existing in vivo and ex vivo imaging modality data — in the case of this project
histopathology, immunohistochemistry, or PET — can provide a deeper insight on a
functional biomolecular level. We further hypothesized that the successful
implementation of a novel ultrasensitive 1.7 mm microprobe to mass-limited samples,
as typically obtained from mice and rats, makes it more feasible to implement
quantitative metabolomics data to typical preclinical imaging research projects
elucidating metabolic pathway alterations relevant for improved disease diagnostics

or therapeutic development.

The two main peer-reviewed publications within this thesis demonstrate the use and
value of NMR spectroscopy-based metabolomics in preclinical immunology and
neurology research. Neurological and immunological conditions are driven to a major
extent by energy metabolism, cell membrane growth, repair and buildup as well as
responses in relation to oxidative stress. Measuring such significant alterations in
metabolite concentrations can robustly characterize a neurological or immunological
disease or condition-related perturbations and display interactions in a larger network
of metabolic pathways, providing a detailed insight into the onset, progression and

development of a disorder.
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In the first project, we set out to investigate the metabolic differences between acute
and chronic inflammation in a delayed-type hypersensitivity reaction (DTHR) mouse
model, which has been previously established and extensively studied in our imaging
department 199152 Here, we hypothesized that the characterization of inflammation
progression at specific time points, selected based on previous metabolic imaging
studies, will result in dynamic metabolomic profile alterations, revealing important
metabolic and molecular events crucial for each inflammation stage. We also
correlated metabolomics findings with the immune cell activity characterized by
immunohistochemistry staining of macrophages, T cells and neutrophils, providing
insights into the immunometabolism phenotype in relation to the inflammatory stage

progression.

For our second project, we set out to determine how bariatric surgery influences
metabolism in a previously under-explored high-liquid sucrose diet model '3 in rats.
Here, we aimed to characterize biomolecular systemic effects that could lead to novel
therapeutic targets, allowing us to avoid currently employed highly invasive RYGB
surgery. We hypothesized that by employing metabolomics analysis, we could gain
important insight in functional information connecting the surgery-related gut
microbiome and metabolome alterations with an altered brain activity post-surgery.
We correlated metabolomics findings with the abundance of various microbiota
species, related liver lipid metabolites, immune and hormonal parameters, and
neuronal activity by PET brain imaging to investigate how gut microbiota-originated
metabolites may provoke reduced appetite, weight loss and their systemic effects in

surgery animals compared to sham via the gut-brain axis signaling.

Taken together, we propose that the characterization of sample-specific biological
metabolomes by NMR spectroscopy might provide detailed and valuable insights into
tissue inflammation and high liquid sucrose diet-related gut-brain communication.
Such readout can serve for advanced imaging data interpretation by integrating and
correlating in vivo findings with the additional metabolomic layer ex vivo. Furthermore,
in the case of tissue metabolomics, NMR spectroscopy might aid the identification of
novel targets for PET tracer development, hyperpolarized imaging or localized in vivo

MR spectroscopy.

41



3. Results
3.1. Publication |

Acute and chronic inflammation alter immunometabolism in a cutaneous

delayed-type hypersensitivity reaction (DTHR) mouse model

Zizmare, L."; Mehling, R."; Gonzalez-Menendez, 1.23; Lonati, C.; Quintanilla-

Martinez, L. %23; Pichler, B.J."2; Kneilling, M. "-25; Trautwein, C."

"Werner Siemens Imaging Center, Department of Preclinical Imaging and Radiopharmacy,
Eberhard Karls University of Tubingen, Réntgenweg 13, 72076, Tubingen, Germany

2 Cluster of Excellence iFIT (EXC 2180) "Image-Guided and Functionally Instructed Tumor
Therapies", Eberhard Karls University of Tubingen, Réntgenweg 11, 72076, Tubingen,
Germany

3 Institute of Pathology and Neuropathology, Comprehensive Cancer Center, Eberhard Karls
University of Tubingen, Liebermasterstralie 8, 72076, Tibingen, Germany

4 Center for Preclinical Research, Fondazione IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Via Pace 9, 20100 Milan, Italy

> Department of Dermatology, Eberhard Karls University of Tlibingen, Liebermeisterstrale 25,
72076, Tubingen, Germany

Nature Communications Biology
Year 2022, Volume 5, page 1250

https://doi.org/10.1038/s42003-022-04179-x

Graphical abstract

)
N
\
\

aurine

¥ ..

< #

»
Ascorbate

.T cell @ Neutral product

42


https://doi.org/10.1038/s42003-022-04179-x

communications
biology

ARTICLE () ook o pnes
https://doi.org/10.1038/s42003-022-04179-x

Acute and chronic inflammation alter
immunometabolism in a cutaneous delayed-type
hypersensitivity reaction (DTHR) mouse model

Laimdota Zizmare® ', Roman Mehling1, Irene Gonzalez-Menendez23, Caterina Lonati?,
Leticia Quintanilla-l\/lartinezz'3, Bernd J. Pichler® 2, Manfred Kneilling 12,580 g Christoph Trautwein 184

T-cell-driven immune responses are responsible for several autoimmune disorders, such as
psoriasis vulgaris and rheumatoid arthritis. Identification of metabolic signatures in inflamed
tissues is needed to facilitate novel and individualised therapeutic developments. Here we
show the temporal metabolic dynamics of T-cell-driven inflammation characterised by
nuclear magnetic resonance spectroscopy-based metabolomics, histopathology and immu-
nohistochemistry in acute and chronic cutaneous delayed-type hypersensitivity reaction
(DTHR). During acute DTHR, an increase in glutathione and glutathione disulfide is con-
sistent with the ear swelling response and degree of neutrophilic infiltration, while taurine and
ascorbate dominate the chronic phase, suggesting a switch in redox metabolism. Lowered
amino acids, an increase in cell membrane repair-related metabolites and infiltration of T cells
and macrophages further characterise chronic DTHR. Acute and chronic cutaneous DTHR
can be distinguished by characteristic metabolic patterns associated with individual inflam-
matory pathways providing knowledge that will aid target discovery of specialised
therapeutics.
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inflammatory processes and thus can terminate or promote
inflammation directed to the final pathophysiological
phenotypel. Several autoimmune conditions, such as rheumatoid
arthritis or psoriasis vulgaris, are characterised as T-cell-driven
inflammatory immune responses®3. Dynamically progressing
chronic inflammatory autoimmune processes are also frequently
associated with a loss of function, scar formation and permanent
tissue damage, such as cartilage and joint destruction.
Inflammation is highly interconnected with reactive oxygen
and nitrogen species (RONS) production*. RONS are necessary
for the appropriate inflammatory response and immune cell
signalling. Alternatively, excessive RONS production is extremely
toxic not only to pathogens but also to endogenous cells, resulting
in increased synthesis of RONS-scavenging metabolites such as
ascorbate and glutathione. Triggering inflammation results in
metabolic reprogramming, which leads to temporary metabolic
changes; some pathways, such as lipid metabolism® and the tri-
carboxylic acid (TCA) cycle®, are disrupted due to the increasing
need for RONS scavengers and energy production’. If the
inflammatory state is prolonged, it can eventually lead to per-
manent site-specific and systemic dysregulation and tissue
damage. Inflammation progression and cellular homoeostasis can
thus be characterised by metabolite changes, offering a potential
wider understanding and points for early intervention.
Recently, we noninvasively characterised the temporal
dynamics of RONS® in vivo and the differential impact of dif-
ferent RONS sources® in our T-cell-driven trinitrochlorobenzene
(TNCB)-induced acute and chronic contact delayed-type hyper-
sensitivity reaction (DTHR) prototypic preclinical modell0-13,

Immunometabolism is crucial to fine-tune and modulate

TNCB ear challenge
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Fig. 1 Experimental setup, course of ear swelling response and metabolite
concentration profiling. a Experimental timeline: Sensitisation with 5%
trinitrochlorobenzene (TNCB) at the abdomen on Day 1, followed by TNCB
ear challenges (1% TNCB) at the right ear on Day 7 (acute DTHR) and
repetitive TNCB ear challenges at Days 9, 11, 13 and 15 (chronic DTHR)).
b Ear thickness of naive mice and mice with acute (4 h and 24 h after the
1st TNCB challenge) and chronic (O h - 48 h after the 4th challenge - and
4h,12h and 24 h after the 5" TNCB challenge) cutaneous DTHR (n= 4
animals).

which aids in determining the underlying mechanisms of T-cell-
driven autoimmune diseases.

Nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry-based metabolomics have been previously broadly
applied to characterise inflammation in various models, such as
murine tissue! 1, patient blood!®17, urine!8, and biopsy tissue!®,
indicating a crucial metabolomics role in inflammation char-
acterisation during disease progression20-21,

We employed the established prototypic cutaneous DTHR
model!'3, mediated by IFN-y-producing CD4* (Thl cells) and
CD8T T cells (Tcl cells)!32223, to characterise the temporal
dynamics of the metabolic signature during acute and progressive
inflammation and to uncover the underlying mechanisms of T-
cell-driven inflammatory diseases.

The focus of this study was to identify the metabolic altera-
tions, pathways and regulators that indicate the switch from acute
to chronic inflammation and the related biomolecular events
occurring during progressive T-cell-driven inflammation. Hereby
it was found that acute and chronic DTHR yielded significantly
different metabolite concentration profiles related to tricarboxylic
acid (TCA) cycle activity, energy metabolism, redox metabolism,
nucleotide and growth metabolism, and immune cell activity.
These findings help to better understand the underlying meta-
bolic events of acute and chronic T-cell-driven inflammatory
immune responses and serve as a prerequisite for the develop-
ment of novel therapeutics.

Results

Ear swelling progresses during acute and chronic cutaneous
DTHR. Experimental setup of the acute and chronic TNCB-specific
cutaneous DTHR model is illustrated in Fig. 1a. The course of the ear
swelling response represents a clinical measure of the severity of
inflammation (Fig. 1b), characterising the temporal dynamics of the
ear swelling response at the point in time of metabolite analysis of the
ear tissue of naive mice, mice with acute (1st TNCB ear challenge) and
chronic (5th TNCB ear challenge) cutaneous DTHR. During acute
cutaneous DTHR, ear thickness significantly increased (P = 0.048)
from 4h (024 mm +/— 0.02 mm) to 24h (0.42 mm +/— 0.03 mm)
after the 1st TNCB ear challenge, which is the peak of acute
inflammation. At 0 h of chronic cutaneous DTHR, 48 h after the 4th
TNCB ear challenge, the ear thickness (0.48 mm +/— 0.06 mm) was
slightly above the peak of acute cutaneous DTHR. During chronic
cutaneous DTHR, the swelling peaked 4h and 24h after the 5th
TNCB challenge. In fact, ear thickness increased significantly during
the course of chronic cutaneous DTHR from Oh to 4h (P =10.003)
and from Oh to 24h (P =0.0007) after the 5th TNCB ear challenge
(Fig. 1b).

Inflamed ears with acute and chronic cutaneous DTHR exhibit
a distinct metabolic profile. Inflamed ears with acute and
chronic cutaneous DTHR were further characterised by their
unique metabolite concentration patterns, as shown by the group
separation and 95% confidence interval clouds in principal
component analysis (PCA) (Fig. 2a). Here, the naive control ears
were clearly separated from the inflamed ears with acute and
chronic cutaneous DTHR. In addition, PCA also separated
inflamed ears with acute DTHR from those with chronic cuta-
neous DTHR. Interestingly, PCA identified the peaks of acute and
chronic cutaneous DTHR (acute, 24 h; chronic, 4 h) in a similar
direction in principal component 2. Inflamed ears with chronic
cutaneous DTHR, collected 12 h and 24 h after the 5th TNCB ear
challenge, exhibited the strongest similarities in metabolite con-
centration patterns, illustrated by the slight overlap of the 95%
confidence interval cloud (Fig. 2a).
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Fig. 2 Metabolomics overview of metabolite concentrations in healthy ears and in inflamed ears with acute and chronic cutaneous DTHR. a Principal
component analysis (PCA) of the first two principal components (PC 1 (42.8%), PC 2 (36.6%)) scores plot illustrating the group separation based on the
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Metabolite list organised by Ward hierarchical clustering using Euclidean distance measure (n=>5 animals, except acute 24 h n=4 animals). GDP
guanosine diphosphate, IMP inosine monophosphate, GPC sn-glycero-3-phosphocholine, GSSG glutathione disulfide, UMP uracil monophosphate, ATP

adenosine triphosphate.

When comparing naive ear tissue with acute and chronic DTHR-
affected ear tissue in detail, we observed chronic inflammation-
dependent specific changes in the metabolic profile, as illustrated in
the PCA loadings plot (Fig. 2b) and the heatmap (Fig. 2c and
Supplementary Fig. 1). The healthy naive condition was characterised
by active amino acid metabolism, nucleotide metabolism and
relatively low RONS scavenger concentrations. During the irritative
toxic peak of acute cutaneous DTHR, 4h after the 1st TNCB ear
challenge, slight changes towards downregulation of several amino
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acid concentrations, such as glycine, arginine, valine, serine and
proline, were observed. Here, the initial innate immune response
was characterised by increased glutathione (GSH), glutathione
disulfide (GSSG), acetate, glucose, citrate and fumarate concentrations
(Fig. 2b, ¢). During the peak of the ear swelling response, 24 h after the
Ist TNCB ear challenge, we identified increased pyruvate, 3-
hydroxybutyrate, choline, sn-glycero-3-phosphocholine (GPC), citrate
and glucose concentrations. Meanwhile, amino acids, such as glycine,
arginine, valine, serine, proline, isoleucine, and tryptophan, were
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continuously downregulated during the acute phase of cutaneous
DTHR (Fig. 2¢).

Chronic cutaneous DTHR was distinctively characterised by
increased B-alanine, ascorbate, ATP and taurine concentrations
(Fig. 2c and Supplementary Fig. 2). Concentrations of histamine,
glutamate, leucine, phenylalanine, alanine and tyrosine in
inflamed ears peaked simultaneously with the peak of chronic
cutaneous DTHR at 4h after the 5th TNCB ear challenge,
followed by a constant decrease at 12h and 24 h. During the
chronic phase of cutaneous DTHR, glucose, GSH, GSSG and
TCA cycle metabolites citrate and succinate remained at low
concentrations similar to healthy ears of the naive group (Fig. 2¢).

Histopathological and immunohistochemical characterisation
of acute and chronic cutaneous DTHR. Histopathological ana-
lysis of haematoxylin and eosin (H&E)-stained slices from
inflamed ears with acute cutaneous DTHR revealed pronounced
oedema with dilated blood vessels and extravasation of PMN,
moderate neutrophilic infiltrate, subepidermal neutrophilic
abscesses (Munro’s microabscesses) and small crusts at 24 h after
the 1st TNCB ear challenge (Fig. 3a, b). Meanwhile, H&E analysis
of inflamed ears with chronic cutaneous DTHR showed a pro-
nounced leucocyte infiltrate, hyperkeratosis, acanthosis, dilated
blood vessels and an increased number of blood vessels (Fig. 3c).

To further characterise the immune cell infiltrate throughout
acute and chronic cutaneous DTHR, we performed immunohis-
tochemistry (IHC), focusing on cells expressing CD3 (T cells),
MPO (neutrophils, macrophages) and Ibal (phagocytes, mainly
macrophages). No T cells or neutrophils were present in healthy
naive ears, while Ibal staining revealed the presence of some
resident macrophages (Fig. 3a, d-f). During acute cutaneous
DTHR, 4h after the 1st TNCB ear challenge, we observed some
MPO- and CD3-positive cells within the vessels but not in the
surrounding tissue, indicating an initial infiltration of neutrophils
and T cells into the inflamed ears (Fig. 3b, d-f). Notably, 24 h
after the Ist challenge, we observed a strongly pronounced
infiltration of neutrophils with neutrophil abscesses and crusts in
the epidermis, reflecting the characteristics of an early acute
inflammatory immune response. In addition, a mild increase in
CD3" T cells and macrophages was observed (Fig. 3b, d-f).

At 48 h after the 4th challenge (0h), the point in time of the
5th TNCB ear challenge, some CD3T T cells together with scarce
MPO™ cells and a massive accumulation of macrophages in the
dermis (Fig. 3c—f) were observed. The infiltration of CD3T T cells
and MPO™ neutrophils steadily increased from 4 h to 24 h after
the 5th TNCB ear challenge, while the presence of macrophages
remained at an identical level (Fig. 3c-f).

Individual metabolites correlate with the severity of the ear
swelling response and the specific immune cell subtype infil-
tration. Our investigations focused on potential correlations
between individual metabolite alterations, the degree of ear
swelling response, reflecting the severity of inflammation, and the
presence of immune cells within the inflamed ears with acute and
chronic cutaneous DTHR.

Positive correlations were observed between the degree of ear
swelling response and betaine, O-phosphocholine, ascorbate,
leucine, and glutamate concentrations in inflamed ears with acute
and chronic cutaneous DTHR (Fig. 4a). In contrast, we observed
a negative correlation between the severity of ear swelling and the
metabolites creatine, myo-inositol, IMP, formate, GDP and
several amino acids, such as glycine, valine, arginine, serine,
proline and histidine (Fig. 4b).

Enhanced neutrophil recruitment showed a distinctive meta-
bolic signature compared to the degree of ear swelling as well as

to the other leucocyte subtypes. In fact, increased concentrations
of AMP, 3-hydroxybutyrate, choline, pantothenate, quinone,
lysine, GSSG, and citrate were specifically associated with
neutrophil infiltration, while the opposite trend was observed
for ATP, B-alanine, ascorbate and N-acetylaspartate (NAA),
which did not correlate with enhanced neutrophil recruitment
(Fig. 4a).

Regarding negative correlations (Fig. 4b), carnitine, O-
acetylcarnitine, formate, adenosine and acetate were negatively
associated with all inflammatory variables except for neutrophil
infiltration. Taurine, hypotaurine and GTP were positively
associated only with macrophages. In addition, the abundance
of T cells and macrophages was negatively correlated with
succinate, carnitine, O-acetylcarnitine, formate, glycerol, adeno-
sine, and acetate concentrations in inflamed ears with acute and
chronic cutaneous DTHR (Fig. 4b).

Acute and chronic inflammation is associated with changes in
redox and immune metabolism. Redox metabolism is an inter-
connected network of several cascade reactions, simplified in
Fig. 5a. GSH and GSSG were significantly increased during the
peak of acute cutaneous DTHR, while in the chronic phase, the
concentrations of GSH and GSSG were similar to the baseline
measurements of healthy ears derived from naive mice (Fig. 5b
and Supplementary Fig. 3a). We observed a further constant
downregulation of the folate and methionine cycle metabolites
serine, glycine and 5-oxoproline (pyroglutamate), which are also
precursors for GSH synthesis (Supplementary Fig. 3a), in
inflamed ears with both acute and chronic cutaneous DTHR.

The overall GSH and GSSG concentration pattern of inflamed
ears with acute and chronic cutaneous DTHR positively
correlated with acetate, glucose, and lysine, while ascorbate and
taurine revealed a negative correlation together with phenylala-
nine, UDP-glucose and B-alanine (Fig. 5c and Supplementary
Figs. 3 and 4).

Ascorbate concentrations were increased during chronic
compared to acute cutaneous DTHR (Fig. 5b), similar to ATP
and N-acetylaspartate (Supplementary Fig. 3b). Although the
results above show significant changes in the common redox
metabolites, we did not observe any significant changes in the
overall NAD™, which is crucial for redox metabolism, over the
investigated period (Supplementary Fig. 3b). Furthermore,
taurine, which can act as a RONS scavenger, was consumed
during acute cutaneous DTHR peaking 24 h after the 1st TNCB
ear challenge (Fig. 5b). At 48 h after the 4th challenge, the point
in time shortly before the 5th TNCB ear challenge, the taurine
concentration within the inflamed ear was similar to that in the
naive control ear, while taurine was depleted at 4 h after the 5th
TNCB ear challenge, the peak in the ear swelling response of
chronic cutaneous DTHR. Together with taurine, we detected
increased {-alanine, betaine and hypotaurine concentrations in
the chronic phase of cutaneous DTHR (Supplementary Fig. 3c).
However, histidine and its downstream metabolite urocanate
were significantly downregulated during the course of chronic
cutaneous DTHR while histamine concentration peaked 4 h after
the 5th TNCB ear challenge (Supplementary Fig. 3d).

Inflammation and oxidative stress are associated with meta-
bolic responses in energy, growth and nucleotide metabolism.
Next, we investigated the metabolites related to energy, growth,
and cellular renewal metabolism (Fig. 6a and Supplementary
Figs. 4 and 5). As early as 4 h after the 1st TNCB ear challenge, a
significant accumulation of succinate was detected (Fig. 6b).
Furthermore, we quantified increased concentrations of pyruvate,
lactate, fumarate, glutamate, citrate, and glucose that peaked in
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Fig. 3 Histopathological (H&E) and immunohistochemical (IHC) characterisation of the inflammatory immune cell infiltrate during acute and chronic
cutaneous DTHR. Naive ears (a), inflamed ears with acute (b) cutaneous DTHR (4 h and 24 h) and (¢) chronic cutaneous DTHR (O h, 4 h, 12 h, and 24 h)
H&E staining (magnification x12.5 and x400, at the scale of 2 mm), CD3, MPO IHC (magnification x400, at scale of 50 pm), and Ibal IHC (magnification
x50 and scale of 500 pm). Scoring of dermal CD3 (d), MPO (e) and Ibal (f) immune cell infiltration presented as a scatter plot: mean +/— SD (0O =no
inflammatory infiltrate, 1= minimal, 2 = mild, 3 = moderate, 4 = severe presence of inflammatory cells, n =4 animals, except chronic 12 h n =3 animals).
Grey dashed lines aid visual separation between naive, acute and chronic DTHR.
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Fig. 4 Ear swelling and immune parameters correlated to the metabolite concentrations during acute and chronic cutaneous DTHR. Ear swelling
thickness, T cell (CD3), macrophage and neutrophil epidermal inflammation scores were correlated to metabolite concentration changes over the whole
experimental setup, showing autoscaled (—1; 1) (a) positive (red) and (b) negative (blue) correlation with correlation coefficient statistical significance
P values: ****<0.0001, ***<0.001, **<0.01, *<0.05, based on Pearson r distance measure (n =5 animals).

inflamed ears with acute cutaneous DTHR 24 h after the 1st
TNCB ear challenge. Meanwhile, anaplerotic TCA cycle sub-
strates of fumarate (phenylalanine and tyrosine), succinyl-CoA
(isoleucine, valine) and pyruvate (serine, glycine, alanine) were
downregulated in inflamed ears with acute cutaneous DTHR
compared to naive control ears (Supplementary Figs. 3 and 4).
Most of these metabolites were permanently downregulated
without recovering their baseline concentrations even in the
chronic state of cutaneous DTHR. Furthermore, cataplerotic
substrates of a-ketoglutarate (arginine, proline) showed similar
concentration decay in inflamed ears with initially acute but also
with chronic cutaneous DTHR. Creatine was similarly consumed
as its metabolic precursors arginine, proline, glycine and serine,
once again stressing the downregulation of these metabolic
pathways during chronic cutaneous DTHR (Supplementary

Fig. 4a). In addition, the moderate irritative toxic peak of the ear
swelling response at 4h after the 1st TNCB ear challenge was
further characterised by the build-up of choline, GPC and UMP
(Supplementary Fig. 5a, b). Conversely, we observed decay of
IMP and GDP in inflamed ears with chronic cutaneous DTHR
(Supplementary Fig. 5c).

During chronic cutaneous DTHR, an accumulation of
phenylalanine, tyrosine and glutamate was observed 4h after
the 5th TNCB ear challenge, suggesting disrupted substrate
uptake (Supplementary Fig. 4a) at the peak of chronic
inflammation. We also identified an increase in the fumarate
and glucose concentrations at 4h during chronic cutaneous
DTHR (Fig. 6). Similarly, we observed an increase in methionine
(Supplementary Fig. 3), isoleucine, alanine, lysine, asparagine
concentrations, glutamate/serine ratio (Supplementary Fig. 4a, b),
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Fig. 5 Redox and immune metabolism during acute and chronic cutaneous DTHR. a Overview of reactive oxygen and nitrogen species (RONS)
production by resident and infiltrating immune cells during an immune response initiating the RONS cascade and their scavengers. The most important
small molecule RONS scavengers, such as glutathione (GSH), ascorbate and taurine, are illustrated at their site of action. The ear swelling response during
the acute cutaneous DTHR peak at 24 h is illustrated by the orange arrow, and the chronic cutaneous DTHR peak at 4 h is illustrated by the blue arrow.
b Normalised concentration changes illustrated as box plots with max. to min. whisker, individual replicate points and median of GSH and glutathione
disulfide (GSSG) concentration sum, ascorbate and taurine changes during acute 24 h (grey, downward triangle) and chronic O h (bright yellow, dot) and
4 h (dark yellow, dot) cutaneous DTHR (compared to naive control (grey, square), P values ****<0.0001, ***<0.001, **<0.01, *<0.05, one-way ANOVA).
c Correlation pattern hunter graph of the top 25 most significantly correlated metabolites to glutathione (GSH) concentration changes over time, based on
Pearson r distance measure (n=>5 animals, except A 24 h n=4 animals). DHA dehydroascorbate, GPC sn-glycero-3-phosphocholine, GPX glutathione
peroxidase, GRX glutaredoxin, GSSG glutathione disulfide, MPO myeloperoxidase, NADPH reduced nicotinamide adenine dinucleotide phosphate, NOX
NADPH oxidase, SOD superoxide dismutase, TauCl taurine chloramine, UDP uridine diphosphate, UOX urate oxidase, XAO xanthine oxidase.

O-phosphocholine and O-phosphoethanolamine concentrations
(Supplementary Fig. 5b), while myo-inositol and glycerol
concentrations decreased during chronic cutaneous DTHR
(Supplementary Fig. 5d).

Discussion

We identified specific metabolite patterns for ear swelling and the
immune response during acute and chronic cutaneous DTHR.
Acute cutaneous inflammation was associated with early succi-
nate accumulation, disrupted energy metabolism with alterations
in the TCA cycle, increased glutathione metabolism, and a switch
to ketone body production and B-oxidation, while the chronic
phase is characterised by increased ascorbate and taurine as
RONS scavengers, indicating a switch in redox metabolism. Both
types of inflammation showed alterations in metabolic precursors
of membrane lipid synthesis, turnover and the Kennedy pathway.
These metabolite signatures correlated well with the characteristic
inflammatory response peaks of acute DTHR at 24 h after the 1st
TNCB ear challenge and chronic cutaneous DTHR at 4 h after the
5th TNCB challenge, as reported in the previous studies®®. Our
data confirm that acute and chronic inflammation leads to dif-
ferences in the immune cell composition, illustrated by the
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changes in the concentration of metabolites involved in redox,
immune, energy, cell growth and nucleotide metabolism.
Resident macrophages are the predominant immune cell type
in naive ear tissue, also previously shown in a psoriatic mouse
model?4. Acute inflammation is characterised by a strong influx
of neutrophils and activation of resident macrophages; however,
this influx of neutrophils peaks at 24h post 1st challenge, as
discussed in the previous work®. Changes observed in samples
collected 4 h post 1st TNCB challenge reflect the innate immune
response of the resident cells, as no infiltrated immune cells were
detected at this time. Furthermore, acute inflammation is
accompanied by strong oedema and neutrophil recruitment,
resulting in increased ear swelling. In our dataset, we quantified a
significant elevation of succinate 4h after the 1st TNCB ear
challenge during acute inflammation. Succinate accumulation
reportedly signifies a disruption in the TCA cycle?®. This dis-
ruption was later confirmed by subsequent citrate, pyruvate,
lactate and fumarate accumulation at the acute phase 24 h after
the 1st TNCB challenge. Succinate is also a pleiotropic signalling
molecule responsible for HIF-1a stabilisation and continuation of
proinflammatory signalling. Succinate was further reduced to
baseline 24 h after the 1st challenge and remained at low levels
throughout the course of chronic inflammation, further

, 49


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04179-x

a

Glucose TT

glycolysis Lactate T
Alanine |} i A
Cysteine v Acetoacetate |« 3-Hydroxybutyrate T
Serine u<- =+ Pyruvate i
- A | Glycine /1
Lysine T Acetyl-CoA |=®| Acetoacetyl-CoA
AN Acetate
ASpar'cat.e _!_> Oxaloacetate Citrate T---V Fatty Acid Synthesis
Asparagine T

Phenylalanine

.

-—=> Fumarate T T

/

Malate

\

Isocitrate
TCA cycle )

v Glutamate 1< ciycne |}

Glutamine y
a-ketoglutarate [€=® prgline

Tyrosine o “
/ Arginine il
. : : Methionin 2 f
b . Succinate |y Succinyl-CoA |€=== = °_ © |
Succinate ~__ Isoleucine v
5 90- Valine ¢¢
© . .
= 754 Threonine H
S v
E 604
8 I ACUTE I CHRONIC
S 45+
Q
o
-ucj 30_ Q
2]
5 15 =
P
2 0 T T T T T T T
R I P OO
& TIPS Oo‘* N
Fumarate Pyruvate Lactate
S 10+ S 30+ — S 1400~ S
8 & s
% %k %k %k
S 8 5 ik S 1200+ *
g ] gzo_ * %k ¥ g 1000 * %k
7 % % %k % -
Q Q Q
fj i B O: T L]
8 4+ 8 8 800
104
3 s & i
£ 21 < - £ 5 007 g
g : |mm g
§ 0 T T T T T T T g 0 T T T T T T T § 400 T T T ¥ T T T
P S TSRO MR PO OISR O L PSS
RN RO S i FHPIFT S RN N R O AR Sl
Glucose Glutamate Citrate
S 2000- S 800+ S 90+
;; 2000 % % %k %k ; % %k %k k ; %0 % %k %k %k
S *ok koK S S 757
F 1500 = B a6 3
£ E £ 60
3 3 3
§ 1000  ** § i § 451 = i
= 400
E 500 - E E j §3o— =
K B T T
E s g - == £ ! E 15
2 T T L T T 2 200 T T T T T T 2 T T T T T T T
P S NP SO S PRI S I NP S ONIPA P X NP SRS S
S ITF ST & T PSS & TIPS SN

50 4

confirming its unique role as an early inducer in the innate
immune reaction.

GSH is a major physiological antioxidant, and it plays a crucial
role in redox signalling and inflammatory immune cascades. GSH
controls the innate immune response in the context of
infection2®. Amino acids such as serine, glycine and threonine are
precursors for the folate cycle, while glycine, together with

cysteine and glutamate, is also a precursor for GSH synthesis. We
quantified the highest GSH and GSSG concentrations at the acute
inflammatory response peak 24 h after the 1st TNCB challenge,
correlating to the infiltrating neutrophil peak.

Short-chain fatty acids have been reported in inflammation-
regulatory processes as anti-inflammatory agents?’>28. We quan-
tified acetate upregulation during the acute cutaneous DTHR,
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Fig. 6 Energy metabolism during acute and chronic cutaneous DTHR. a Simplified illustration of the tricarboxylic acid (TCA) cycle with additional
information of amino acid entry as anaplerotic (black frame, grey background) and cataplerotic substrates. Dashed line for indirect reactions with multiple
steps. b Metabolite normalised concentration changes (in arbitrary unit (a.u.)) illustrated as box plots with max. to min. whisker, individual replicate points
and median within the inflamed ears during acute 4 h (medium grey, upward triangle), 24 h (light grey, downward triangle) and chronic O h (bright yellow,
dot), 4 h (dark yellow, dot), 12 h (orange, dot) and 24 h (brown, dot) cutaneous DTHR (compared to naive control (dark grey, square), P value ****<0.0001,
***<0.001, **<0.01, *<0.05, n =5 animals, except A 24 h n= 4 animals). Statistical significance test stars shown for comparisons to naive control by one-
way ANOVA. The ear swelling response during the acute cutaneous DTHR peak at 24 h is illustrated by the orange arrow, and the chronic cutaneous
DTHR peak at 4 h is illustrated by the blue arrow. The dashed lines show a non-significant trend.

which was later reduced to baseline levels in the chronic phase of
cutaneous DTHR, similar to the naive control. Acetate con-
centration changes negatively correlated with macrophage and
T-cell infiltration patterns during acute and chronic inflammation
progression.

Furthermore, the 3-hydroxybutyrate concentration was
increased in the acute phase of cutaneous DTHR, indicating a
response to increased energy consumption and reduced fatty acid
stock??. Switching to alternative energy substrates, such as fatty
acid p-oxidation, can be seen as a result of a decreased TCA cycle,
as indicated by the accumulation of the TCA cycle-related
metabolites fumarate, pyruvate, lactate, glutamate, citrate and
even glucose during the acute inflammation peak.

The histopathological analysis confirmed that acute inflam-
mation was dominated by the infiltration of neutrophils, while
chronic cutaneous DTHR was associated with an influx of T cells,
a dense accumulation of macrophages, hyperkeratosis and acan-
thosis. The influx and activation of immune cells peaked at 4 h
after the 5th TNCB ear challenge, as shown previously®. Different
leucocytes are recruited to the site of inflammation, including
macrophages, CD4" and CD8% T cells, B cells and neutrophils.
Resident macrophages and mast cells proliferate during chronic
inflammation. While neutrophils are still present, their percen-
tage is lower than that in the acute state due to the presence of
other recruited cell types confirmed by immunohistochemistry.
Neutrophils highly express NADPH oxidase 2 (NOX2), produ-
cing excess superoxide, which is quickly converted to hydrogen
peroxide (H,0,) and further downstream to hypochlorous acid
(HOCI) by MPO. Furthermore, the iNOS enzyme facilitates nitric
oxide (NO) production, which is further converted to peroxyni-
trite (ONOO™)30. Moreover, fibrosis, angiogenesis, an increase in
connective tissue and vascularisation are additional consequences
of a chronic inflammatory state3!.

We observed increased ascorbate and taurine 48 h after the 4th
challenge, the time point of the 5th TNCB ear challenge, which
was reduced at 4 h after the 5th TNCB ear challenge. GSH and
GSSG concentrations in inflamed ears were restored back to
similar concentrations as those determined in naive control ears.
In mouse liver, GSH is consumed during oxidation to produce
ascorbate from dehydroascorbate (DHA)3%33, This reaction,
however, also produces additional hydrogen peroxide (H,O,).
However, in humans, ascorbate cannot be synthesised, though it
still participates in RONS scavenging34.

In addition, serine was depleted during chronic cutaneous
DTHR. A previous report demonstrated that supplementation
with serine can re-establish methionine cycle activity and GSH
synthesis due to a shift from glycolysis to GSH production and
one-carbon metabolism3°. Therefore, depletion of serine could
lead to the downregulation of the methionine cycle and eventually
to GSH depletion during the chronic phase of cutaneous DTHR.

Taurine, a common HOCI scavenger3® that accumulates in
tissues exposed to oxidative stress3”, was consumed during the
acute phase, thereby negatively correlating to the GSH and GSSG
concentrations. Taurine build-up has been previously quantified
in M1-type macrophages when GSH is depleted3®, potentially
indicating the redox-dependent balance between the two
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scavengers. In addition, alterations of the taurine concentration
have been previously reported in psoriatic skin lesions3?, similar
to our studies related to oxidative stress and ROS scavenging well
correlating to the alterations in taurine activity within inflamed
ears during the course of chronic DTHR.

Furthermore, B-alanine was highly upregulated in inflamed
ears during chronic cutaneous DTHR. B-Alanine is linked to the
activation of T and B cells*0. The progression from acute to
chronic inflammation in our model is associated with increased
infiltration of T and B cells in the inflamed ears could explain the
increased concentrations of B-alanine. A study in a cardiac model
stated that P-alanine and taurine oppose each other, indicating
that P-alanine caused taurine level reduction, mitochondrial
superoxide accumulation, and eventual apoptosis and reduced
ATP generation!. This fact is consistent with our observations of
increased ATP in inflamed ears with chronic cutaneous DTHR
when compared to inflamed ears with acute cutaneous DTHR or
naive control ears.

Together with ascorbate, N-acetylaspartate (NAA) was
increased at 48 h after the 4th TNCB ear challenge, the time point
shortly before the 5th TNCB ear challenge, possibly as a con-
sequence of a metabolic adaptation mechanism. NAA was then
consumed at the peak of chronic cutaneous DTHR 4 h after the
5th TNCB ear challenge for a short period with a trend of
regeneration until 24 h. NAA is believed to mainly be a central
nervous system-characteristic metabolite; however, it is linked to
de novo lipogenesis and plays an important role in histone
acetylation®2%3, NAA accumulation has also been previously
observed in tumours*?, linking the inflammatory process to fur-
ther cancer development.

Energy consumption, RONS production and cell influx are
highly increased due to the progression of inflammation. RONS
production during the oxidative burst leads to a switch from
oxidative phosphorylation to aerobic glycolysis*4, also known as
the Warburg effect. Peaks of the ear swelling response are char-
acterised by maximal oedema and dilated blood vessels. Glucose
is one of the most abundant blood metabolites. The glucose
concentration increases when the blood vessels expand. We
observed an increased concentration of glucose at peaks of the
acute and chronic inflammatory immune response (acute, 24 h;
chronic, 4 h), followed by its rapid consumption in the later phase
of chronic inflammation. Meanwhile, glutamine, which is the
most abundant amino acid in the blood, was not significantly
changed during the chronic cutaneous DTHR, potentially due to
its multiple roles and involvement in several metabolic pathways.

Lactate accumulation was observed during both acute and
chronic cutaneous DTHR. During acute cutaneous DTHR, we
also determined an accumulation of pyruvate and succinate,
indicating disruption of the TCA cycle and the preferential use of
glucose in aerobic glycolysis. During chronic cutaneous DTHR,
we observed the consumption of pyruvate at the peak of chronic
inflammation (chronic, 4 h) relative to 0 h, 12 h and 24 h after the
5th TNCB ear challenge. Lactate concentrations in inflamed ears
were increased, potentially suggesting pyruvate conversion to
lactate due to the inflammatory peak and necessary acidic
environment stabilisation for recruitment of additional
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inflammatory cells*. Consistent with the changes in TCA
metabolites, a slight increase in ATP consumption was deter-
mined at 4h after the 1st TNCB ear challenge (acute cutaneous
DTHR), while the energy pool was later restored upon chronic
cutaneous DTHR.

Disruption of the TCA cycle during acute cutaneous DTHR
was further suggested by the downregulation of its anaplerotic
substrates*. Some amino acids, such as phenylalanine, methio-
nine and asparagine, further accumulated in the chronic phase.
Phenylalanine accumulation has been previously linked to an
acute inflammatory state due to disrupted metabolism*748.
However, in our dataset, we quantified the reduction in pheny-
lalanine upon acute cutaneous DTHR, while it tended to increase
during the peak of chronic cutaneous DTHR at 4 h after the 5th
TNCB ear challenge.

The effector phase of TNCB-induced cutaneous DTHR does
not entirely reflect the pathology of clinical allergic contact der-
matitis as the T-cell-driven immune response is associated with
pronounced immigration of neutrophils, including subepidermal
abscesses which are not evident in human contact dermatitis.
However, TNCB-induced cutaneous DTHR shares a lot of simi-
larities with clinical psoriasis vulgaris, an antigen-specific T-cell-
driven autoimmune disease.

Psoriatic skin lesions have been characterised as highly meta-
bolically active with upregulated cell proliferations. Phenylala-
nine, glutamate concentrations and glutamate/serine ratios were
upregulated in lesional skin when compared to nonlesional skin
or the skin of healthy patients?®, which is consistent with our
findings in the preclinical acute and chronic DTHR model.

Moreover, glucose, myo-inositol and branched-chain amino
acid (BCAA, valine-leucine/isoleucine) levels were reduced in
psoriasic skin lesions compared to nonlesional skin?’. In our
study, inflamed ears displayed increased glucose concentrations
during acute and chronic inflammation, peaking at 24 h after 1st
TNCB challenge and 4 h after 5th TNCB ear challenge. However,
we also observed strongly reduced glucose levels during chronic
cutaneous DTHR reaching baseline levels determined in healthy
ears. Within our studies, myo-inositol and valine followed the
trend described in human psoriasis with a significant reduction
during both acute and chronic DTHR*.

We also observed alterations in the histidine metabolism
during chronic cutaneous DTHR. Thus, histidine and urocanate
in inflamed ears were significantly downregulated while hista-
mine concentration peaked 4 h after the 5th TNCB ear challenge.
In line with our data, alterations in histidine metabolism have
been previously reported in the context of human psoriasis skin
inflammation, highlighting the histidine metabolic pathway as a
potential therapeutic target®0.

We observed increased tryptophan consumption during the
peak of acute cutaneous DTHR at 24 h after the 1st TNCB ear
challenge as a potential indicator of the anti-inflammatory capacity
of the system. Tryptophan has been linked to the immune response
via the kynurenine pathway®!, further connecting chronic inflam-
mation to downstream systemic effects, such as gut dysbiosis and
autoimmune disease®2. Its degradation is a marker for immune-
regulatory effects toward reduced lipid peroxidation®3, antioxidant
activity>4, antimicrobial activity of skin inflammation>.

Proinflammatory cytokines, which are upregulated during inflam-
mation progression, induce changes in phospholipid species together
with overall mitochondrial mass reduction!”. While we quantified
increased choline and GPC during acute cutaneous DTHR, they were
restored to baseline levels during chronic cutaneous DTHR, leading to
a build-up of O-phosphoethanolamine. These glycerophospholipid
changes have been associated with pro- and anti-inflammatory
activity via plasmalogen hydrolysis, cell membrane property changes,
and inflammatory cascade triggering®®. A switch from choline to

ethanolamine metabolism has been previously shown as part of rapid
cell growth and repair in environments such as tumour®”->8, More-
over, a recent study by Fuchs et al3® showed a similar build-up of
O-phosphoethanolamine in M1 macrophages, resulting in reduced
mitochondrial respiration and a reduced inflammatory response3S,
Overall, 'H-NMR spectroscopy-based metabolomics investi-
gation has been shown to be a useful tool for a deeper metabolic
characterisation of the immune response during acute and
chronic T-cell-driven inflammation. Our findings of GSH and
GSSG alterations suggest a systemic response to local inflam-
mation, as GSH is mainly synthesised in the liver>®. Because acute
inflammation is driven by resident cells and infiltrating neu-
trophils, while the chronic phase is characterised by an increased
accumulation of T cells and macrophages, we could correlate
common metabolites acting as RONS scavengers to the corre-
sponding immune cell infiltration relative to the inflammation
progression stage. Fuchs et al.38 in vitro studies recently reported
that changes in taurine and tryptophan concentrations were
associated with the activation state of macrophages3, supporting
the results of our immune cell-metabolite correlation analysis.
Meanwhile, an ex vivo study by Chokesuwattanaskul et al.®0 has
previously connected alterations in N-acetylaspartate concentra-
tions to the activation state of neutrophils®®. These findings are
also relevant towards a better understanding of how different
inflammatory stages can be involved in the tumour-promoting
inflammatory response and how immunometabolomics could
emerge as a novel diagnosis and therapy monitoring tool.

Methods

Animals. C57BL/6] mice were purchased from Jackson Laboratory (Bar Harbor,
USA). Eight-week-old female mice were used for in vivo experiments. All mice
were held in individually ventilated cages under the same conditions in the animal
housing facility at Werner Siemens Imaging Center, Eberhard Karls University of
Tiibingen. This study received an ethical approval and experimental protocol
approval by the German Regional Authority Committee of Tiibingen (Regier-
ungspraesidium Tiibingen).

Cutaneous delayed-type hypersensitivity reaction (DTHR) and ear sample
collection. Mice were sensitised with 5% trinitrochlorobenzene (TNCB) at the
abdomen and challenged after 1 week on the right ear with 1% TNCB to elicit acute
DTHR (n =5). Chronic DTHR was induced by repetitive challenges with 1%
TNCB every 2 days up to five times (1st TNCB challenge: Day 7; 2nd: Day 9; 3rd:
Day 11; 4th: Day 13, 5th: Day 15, Fig. 1a). Mice were anaesthetised by inhalation of
isoflurane-O, (1.5% Forane, Abbott GmbH, Wiesbaden, Germany), and the ear
thickness was measured with a micrometre (Kroeplin, Schliichtern, Germany)
before (naive), 4h, 12 h and 24 h after the 1st and 5th TNCB challenge to monitor
the course of the ear swelling response.

Ear tissue (n=>5) was cut with scissors immediately after sacrificing
experimental mice and snap-frozen in liquid nitrogen at the following time
intervals (Fig. 1a): (1) naive, immediately before the 1st TNCB challenge; (2) acute
inflammation: at 4 h and 24 h after the 1st TNCB challenge, referred to as A 4h
and A 24 h, respectively; (3) chronic inflammation: at 48 h after the 4th and at 4 h,
12 h and 24 h after the 5th TNCB challenge, referred to as COh, C4h, C 12 h, and
C 24 h, respectively.

Histopathology and immunohistochemistry. Ear tissue samples (n = 4) were
fixed in 4.5% formalin and further embedded in paraffin. Three to five micrometre-
thick sections were cut from distinct samples and stained with haematoxylin and
eosin (H&E) for histology. Immunohistochemistry was performed with an auto-
mated immunostainer (Ventana Medical Systems, Inc., Oro Valley, USA). The
slides were stained with antibodies against the cluster of differentiation 3 protein
complex (CD3, Clone SP7, DCS Innovative Diagnostik-Systeme GmbH u. Co. KG,
Hamburg, Germany), myeloperoxidase (MPO, Anti-Myeoloperoxidase Ab-1, Lab
Vision UK, Ltd., Newmarket, Suffolk) and ionised calcium-binding adaptor
molecule 1 (Ibal, Abcam, Cambridge, UK). Appropriate positive and negative
controls were used to confirm the adequacy of the staining. Photomicrographic
images were acquired with an Axioskop 2 plus Zeiss microscope with a Jenoptik
ProgRes C10 plus camera and software (Laser Optik System, Jena, Germany). Final
image preparation was performed with Adobe Photoshop CS6.

The epidermal inflammation score was based on the presence and number of
epidermal abscesses and crusts per section (0 =no damage, 1 = presence of
abscesses, 2 = between 1 and 5 crusts, 3 = between 6 and 10 crusts, 4 = more than
11 crusts). In addition, a semiquantitative analysis of dermal inflammation was
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performed (“—” = no inflammatory infiltrate, “4-” = minimal inflammatory cells,
“++” = mild inflammation, “+-++” = moderate inflammation, “++-+-+" = severe
amount of inflammatory cells). Due to a technical issue, one sample of the chronic
12 h group had to be excluded from further analysis. Therefore, chronic 12 h group
n =3 animals, while all the other sample conditions, naive, acute 4 h and 24 h,
chronic Oh, 4h, and 24 h were n =4 animals.

Ear tissue preparation for metabolomics. Deep-frozen ear tissue (n =5) was
cryogenically pulverised (Covaris cryoPREP CP02, Woburn, MA, USA) using
liquid nitrogen and transferred to adaptive focused acoustics (AFA)-compatible
glass tubes. A two-phase metabolite extraction protocol was applied to remove lipid
signals from the 'H-NMR spectra. Therefore, 300 puL of methanol (LC-MS grade,
Sigma Aldrich, Taufkirchen, Germany) and 1000 pL of tert-butyl methyl ether
(MTBE, Sigma Aldrich, Taufkirchen, Germany) were added to the homogenous
tissue powder and gently vortexed. A 5min ultrasonication programme was
employed for metabolite extraction (Covaris E220 Evolution, Woburn, MA, USA).
Then, 250 pL of ultrapure water was added for two-layer phase separation. After
dividing the layers, the polar phase was evaporated to dryness and used for sub-
sequent metabolomics analysis.

Sample preparation and TH-NMR spectroscopy acquisition. Dry metabolite
pellets were resuspended in a deuterated phosphate buffer (pH corrected to 7.4)
containing 1 mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) as an
internal standard (Sigma Aldrich Chemie, Taufkirchen, Germany). NMR spectra
were recorded from distinct samples at 298 K on a 14.1 Tesla ultrashielded NMR
spectrometer (600 MHz proton frequency, Avance III HD, Bruker BioSpin, Ettlingen,
Germany) equipped with a triple resonance 1.7 mm room temperature microprobe.
Short zero-go (zg), 1D nuclear Overhauser effect spectroscopy (NOESY) and Carr-
Purcell-Meiboom-Gill (CPMG, 1024 scans) pulse programmes were used for spectral
acquisition. Bruker TopSpin 3.6.1 software was used for spectral preprocessing, and
ChenomX NMR Suite 8.5 was used for metabolite assignment and quantification.
Supplementary Fig. 2 illustrates metabolite spectra assignment examples.

Statistics and reproducibility. Most statistical analyses were performed with the
MetaboAnalyst 5.0 web server®!. Here, data were normalised for dilution effects by
the probabilistic quotient normalisation (PQN) approach on a reference sample.
Heatmaps were produced using non-parametric one-way ANOVA, Fischer’s least
significant difference (LSD) was applied in the post hoc analysis, and unsupervised
clustering was achieved by the Ward clustering algorithm employing the Euclidean
distance measure. Heatmaps show autoscaled and normalised metabolite con-
centration values. For visualisation and further statistical analysis, we used Graph
Pad Prism (Version 9.1.0, Graph Pad Software, San Diego, CA, USA) and R version
1.4.11.06. The individual metabolite concentrations were visualised as box plots
with max. to min. whiskers with individual data points, and P values illustrated
statistically significant metabolites compared to the naive baseline control:
#HRAE20.0001, *¥¥%<0.001, ¥*<0.01, *<0.05.

Due to the technical issue of poor spectral resolution, one sample of the acute
24 h group had to be excluded from further analysis. Therefore, acute 24 h is n =4
animals, while all the other sample conditions, naive, acute 4 h, chronic 0 h, 4h,
12h and 24 h were n=>5 animals. The number of replicates was defined by
minimum necessary replicates for metabolomics studies for efficient statistical
power of metabolite concentration data and available number of animals as defined
by the ethical approval.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Supplementary data with the source data are provided. Supplementary Data 1: ear
thickness measurement data for Fig. 1b dot plot. Supplementary Data 2: normalised
source data for metabolite dot/box plots, heatmaps, correlation graphs, and principal
component analysis. Supplementary Data 3: the source data for Fig. 3 histopathology
scoring and correlation analysis. 'H-NMR spectra data are available upon request.
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Supplementary figure 1: Overview of 'H-NMR spectroscopy-based metabolomics

analysis quantified metabolites during acute and chronic cutaneous DTHR. Heatmap of

54 statistically significant quantified metabolites showing each sample individual metabolite

changes as auto-scaled (-4; 4) normalised concentration values, further clustered with Ward

clustering method and hierarchical clustering algorithm. Red indicating relatively high

concentration and blue — relatively low concentration (n=5 animals, except acute 24 h n=4

animals).
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Supplementary figure 2: '"H-NMR spectroscopy chronic 0 h DTHR (48 h after the 4th
challenge) example spectra assignment. Example characteristic resonance regions are
shown for (a) N-acetylaspartate, (b) B-alanine, (¢) hypotaurine, (d, e) ascorbate and (f)
histamine among other metabolite neighbouring peak resonances. All metabolites, that have
multiple resonances in spectra were further confirmed in other regions for complete spectra
assignment and quantification. Red line indicates sum spectra outline considering all
overlapping peaks. Black thin line indicates original spectra. Coloured peak areas with bold
outline show metabolite assignment according to the typed metabolite name in corresponding

colour.
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Supplementary Figure 3: Redox and immune metabolism additional metabolite box
plots during acute and chronic cutaneous DTHR. (a) Redox-related metabolites serine,
glycine and 5-oxoproline were downregulated during acute and chronic DTHR, while
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methionine was slightly increased at the chronic inflammation peak; glutathione and
glutathione disulfide (GSSG) show increased concentrations during acute DTHR; (b) ATP and
N-acetylaspartate were increased during chronic DTHR, while NAD* concentration was not
significantly affected; (c) taurine-related metabolites (-alanine, betaine and hypotaurine were
increased during chronic DTHR; (d) histidine, fatty acid and galactose metabolic pathway-
related metabolites urocanate and histidine were reduced during acute and chronic cutaneous
DTHR while histamine peaked at chronic 4 h. Individual metabolite box plots illustrating
normalised concentration in arbitrary unit (a.u.) with max. to min. whisker, individual replicate
points and median with p values **** < 0.0001, *** < 0.001, ** < 0.01 * < 0.05, one-way ANOVA
statistical test, n=5 animals, except acute 24 h n=4 animals). Statistically significant stars

shown for comparisons to naive control.
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Supplementary Figure 4: Energy metabolism during acute and chronic cutaneous
DTHR. (a) Phenylalanine, isoleucine, glutamate/serine ratio, tyrosine and alanine follow
similar concentration change patterns, while valine, arginine, proline and creatine
concentrations are reduced during DTHR progression. (b) Glutamine concentrations were not
significantly changed over the course of acute and chronic cutaneous DTHR; lysine, 3-
hydroxybutyrare and acetate follow similar concentration change patterns; asparagine
concentration increased during chronic cutaneous DTHR; tryptophan concentrations were
reduced in acute and chronic cutaneous DTHR compared to the naive control. Normalised
concentration changes are illustrated as box plots with max. to min. whisker, individual
replicate points and median (p value **** < 0.0001, *** < 0.001, ** < 0.01 * < 0.05) (n = 5).
Statistically significant stars shown for comparisons to naive control, by one-way ANOVA, n=5

animals, except acute 24 h n=4 animals.
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Supplementary Figure 5: Growth and nucleotide metabolism-related metabolite
normalised concentration changes during acute and chronic cutaneous DTHR. (a)
Kennedy pathway adapted from Esmaeli et al., 2014; (b) Kennedy pathway-related

metabolites; (¢) nucleotide metabolism-related metabolites; (d) myo-inositol and glycerol were
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reduced during acute and chronic cutaneous DTHR. Concentration changes illustrated as box
plots with max. to min. whisker, individual replicate points and median (p value **** < 0.0001,
*** < 0.001, ** < 0.01 * < 0.05). Statistically significant stars shown for comparisons to naive
control, one-way ANOVA, n=5 animals, except acute 24 h n=4 animals. Orange arrows
indicate concentration increase or decrease compared to naive control at acute inflammation
peak at 24 h, blue — chronic inflammation peak at 4 h, dashed lines show a non-significant

concentration trend.
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Abstract: Roux-en-Y gastric bypass (RYGB) surgery has been proven successful in weight loss and
improvement of co-morbidities associated with obesity. Chronic complications such as malabsorption
of micronutrients in up to 50% of patients underline the need for additional therapeutic approaches.
We investigated systemic RYGB surgery effects in a liquid sucrose diet-induced rat obesity model.
After consuming a diet supplemented with high liquid sucrose for eight weeks, rats underwent
RYGB or control sham surgery. RYGB, sham pair-fed, and sham ad libitum-fed groups further
continued on the diet after recovery. Notable alterations were revealed in microbiota composition,
inflammatory markers, feces, liver, and plasma metabolites, as well as in brain neuronal activity post-
surgery. Higher fecal 4-aminobutyrate (GABA) correlated with higher Bacteroidota and Enterococcus
abundances in RYGB animals, pointing towards the altered enteric nervous system (ENS) and gut
signaling. Favorable C-reactive protein (CRP), serine, glycine, and 3-hydroxybutyrate plasma profiles
in RYGB rats were suggestive of reverted obesity risk. The impact of liquid sucrose diet and caloric
restriction mainly manifested in fatty acid changes in the liver. Our multi-modal approach reveals
complex systemic changes after RYGB surgery and points towards potential therapeutic targets in
the gut-brain system to mimic the surgery mode of action.

Keywords: RYGB; metabolomics; microbiome; inflammation; gut-brain axis; GABA; 3-hydroxybutyrate

1. Introduction

Obesity is a metabolic and inflammatory health condition characterized by excess
accumulation of body fat, which increases the risk of developing an unbalanced, unresolved
metabolic inflammation within adipose tissue and in metabolic organs such as the liver,
pancreas and, brain [1,2]. A chronic, whole-body meta-inflammatory state during obesity
can further lead to cardiovascular disease, type 2 diabetes, dysregulation of the immune
system, and impaired cognitive and mental capabilities [3-8]. Prolonged intake of high
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sugar foods, a principal component of the Western diet, promoted excess energy intake
and gain of body weight [9]. Moreover, increased sugar intake leads to gut microbiota
adaptations and dysbiosis [10]. Alongside cardiovascular complications, obesity and type
2 diabetes are important risk factors in the pathogenesis of cognitive dysfunction [11-13].
On the cellular level, a Western diet is associated with reduced expression of brain-derived
neurotrophic factors, elevated levels of oxidative stress, and pro-inflammatory processes in
neurons, and affects the whole-body immune response [14].

Considering that obesity has become a global pandemic [15], effective prevention and
treatment strategies are needed. This is especially urgent for the 39 million children under
the age of five diagnosed as overweight or obese in 2020 [16]. Beyond classical dietary and
drug treatment [17,18], currently available approaches to treat morbid obesity and type 2
diabetes include bariatric surgery [19].

Roux-en-Y gastric bypass (RYGB) surgery is the most frequently employed bariatric
technique in Western countries [20]. The surgical intervention consists of transection of
the stomach, leaving a small gastric pouch, which is anastomosed to a distal part of the
small intestine, creating a Roux (dietary) limb [21]. The rearrangement of the gut allows
ingested food direct access to the small intestinal lumen, where it is eventually joined with
the biliopancreatic limb, from which point the common channel is formed. After RYGB
surgery, patient preferences for high-carbohydrate and high-fat foods decreased [22,23],
and patients reportedly lost the motivation to eat [22]. Similarly, the preference for a high-
fat diet steadily decreased, and the preference for a standard low-fat chow increased over a
five-month post-surgical period in a rat model of RYGB [24].

RYGB surgery improves metabolic health and diabetes remission more effectively than
other treatment strategies, including pharmacotherapy and lifestyle interventions [25,26].
Several murine RYGB studies show a positive impact of the surgery on various metabolic
parameters reducing the risk of type 2 diabetes mellitus [27-29] and hyperlipidemia [30].
RYGB surgery leads to reduced glycemia, as shown by functional studies of the liver and
brain. Surgery led to an improvement in liver health and glycemic control, further reducing
the risk of hepatic steatosis [31]. RYGB surgery was also reported to lower lipogenesis
and increase fatty acid beta-oxidation in the type 2 diabetes rat model [31]. Moreover,
indications of lowered glycemia were also reported by a positron emission tomography
(PET) imaging study where increased neuronal activity was shown in the hypothalamic
and thalamic brain regions [13].

Fundamental changes in the gut microbiota and related metabolites are another com-
mon RYGB surgery downstream effect. Escherichia coli, Klebsiella pneumonia, Streptococcus,
Bifidobacterium dentium, and Akkermansia muciniphila have been reported in an increased
abundance in patient feces after RYGB surgery [32]. Murine model studies have revealed a
highly affected microbiome by RYGB surgery and have further shown a direct microbiota
impact on weight and fat reduction after feces transplantation due to maintained increase of
Escherichia and Akkermansia species abundance [33]. Gut microbiota dysbiosis has also been
previously linked to obesity and food addiction due to interactions along the gut-brain axis
via altered inflammatory signals such as tumor necrosis factor (TNF), interleukin (IL)-6,
IL-1 beta, plasma lipopolysaccharide (LPS) [34], and neuroactive metabolites [35].

Metabolic profiling of RYGB surgery patients is a prospectively valuable tool for
identifying subjects with type 2 diabetes that would have the most beneficial surgery
outcome [36]. Murine metabolomics studies in RYGB models and patients have reported
common altered fecal metabolite patterns such as upregulated trimethylamine (TMA),
trimethylamine N-oxide (TMAOQ), glycine, 4-aminobutyrate (GABA), and downregulated
plasma branched-chain amino acids (BCAA), arginine, and the tryptophan-kynurenine
pathway [37,38]. However, further studies in animal models are crucial for appropriate
biomarker discovery and their translation to clinically relevant sampling such as plasma or
serum, feces, and urine [39].

A significant portion of currently available publications has investigated the impact of
RYGB in genetic models of obesity or diet-induced obesity models resulting from high-fat
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solid diets. Excessive caloric intake, often in a form of artificial sweetened soft drinks
and juices, is one of the causes leading to obesity among children and adolescents [40].
Similarly, access to a liquid high sucrose diet increases caloric intake in mice [41] and,
therefore, enhances obesity progression and alters the body’s metabolism. It has also been
shown that a high solid sucrose diet, similarly to a high-fat diet, promoted liver damage
and affected insulin signaling even when the serum insulin levels were not changed [31].
However, the metabolic impact of RYGB surgery in an obesity model resulting from liquid
high sucrose intake has not yet been described.

In this exploratory study, we examined the effects of surgery, caloric restriction, and
liquid sucrose diet in RYGB-operated (RYGB group) versus sham-operated pair-fed (PF)
and ad libitum-fed (AdLib) rats. We investigated gut microbiota dysbiosis, fecal and plasma
metabolites, liver fatty acid composition, inflammatory immune marker correlations, and
brain glucose metabolism for a comprehensive, multi-modal characterization of liquid
sucrose-induced obesity. This systemic multi-modal characterization of the detailed molec-
ular effects following RYGB surgery will help develop novel potential therapeutics that
mimic the invasive surgical approach.

2. Results
2.1. RYGB Surgery Leads to Reduced Body Weight, Food, and Liquid Sucrose Intake

After an initial eight-week period of liquid sucrose diet and weight gain, rats under-
went RYGB or sham surgery, followed by a second eight-week phase of liquid sucrose
feeding after recovery (Figure 1a). We monitored the development of body weight, food,
and liquid sucrose intake (Figure 1b—d). RYGB group sustained a significant weight loss
compared to AdLib animals (p < 0.05) (Figure 1b). PF and RYGB animals showed similar
weight loss at week 10 of the experiment (week 2 post-surgery). By week 11, PF animals had
gained weight similar to the AdLib rats, while RYGB rats remained lean. RYGB animals had
heterogeneous eating habits consuming between 84-105 kcal/day for the final six weeks
before euthanasia, from which 42-80% (median 65.3%) was liquid sucrose (Figure 1c,d).
Solid food and liquid sucrose intake were significantly reduced in RYGB and consequently
PF groups post-surgery compared to the AdLib group (Figure 1c,d). PF animals were fed
100-106 kcal/day, of which 62-63% (median 62.7%) corresponded to the liquid sucrose diet.
AdLib animals consumed 126-177 kcal/day, 62-73% (median 69.3%) derived from a liquid
sucrose diet. The total energy consumed by AdLib animals was significantly higher than
by RYGB and PF, while the percentage of median energy consumption via liquid sucrose
was not significantly different between the RYGB and sham.
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Figure 1. Overview of the experimental setup before and after the Roux-en-Y gastric bypass (RYGB)
surgery. The timeline of the experiments, including sample collection points and analytical techniques
(a). Average body weight (b), food intake (kcal) (c), and liquid sucrose intake (kcal) (d) are shown for
ad libitum (AdLib), pair-fed (PF), and Roux-en-Y gastric bypass-operated (RYGB) rats. Data shown
as mean + SEM, p-values shown for RYGB vs. AdLib comparison. *** < 0.001, * < 0.05, two-way
ANOVA, Tukey’s multiple comparisons test. RYGB (n = 5) black triangles, PF (n = 8) dark grey dots,
AdLib (n = 7) light grey squares.

2.2. RYGB Surgery Leads to Reduced Relative Abundance of Firmicutes and Increased Bacteroidota
and Proteobacteria Species

RYGB animals displayed a higher abundance of Bacteroidota (particularly Muribac-
ulaceae) and Proteobacteria (Enterobacteriaceae, genera Escherichia/Shigella) and a lower
abundance of Firmicutes compared to sham (Figure 2a,b). RYGB had increased Ente-
rococcus species compared to the sham animals with more Lactobacillus species in their
microbiota.
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Figure 2. Gut microbiota composition. Bar graph representation of the most abundant taxa at the
phylum (a) and genus (b) levels, illustrating a different microbiota composition between the groups
with the RYGB animals displaying a higher abundance of Bacteroidota (particularly Muribaculaceae)
and Proteobacteria (assigned to the family Enterobacteriaceae, genera Escherichia/Shigella), and a lower
abundance of Firmicutes, even if more Enterococcus were found in this group, than in the Sham (PF
and AdLib) animals, which had more Lactobacillus in their microbiota. Data from the three feces
collection times are pooled. Mean relative abundance as % of the whole community is shown.

Considering feces microbiome at four and eight weeks after surgery and on the day of
euthanasia together, a significant difference in alpha-diversity between the different groups
(p < 0.01 for all three diversity types) was observed with AdLib animals showing the lowest
diversity (Supplementary Figure S1). There were no significant changes in alpha-diversity
over time within each condition, indicating relatively stable bacterial communities over the
study period (data not shown).

Principal coordinate analysis based on the Bray—Curtis distance, Jenson-Shannon,
and weighted UniFrac of all samples showed a clear separation between RYGB and
sham animals, of which the two sham groups (AdLib and PF) had a visible overlap
(Supplementary Figure S1b).

The permutational multivariate analysis of variance (PERMANOVA) with the Bray—
Curtis distance showed a highly significant effect of surgery (p = 0.001), time (p = 0.003),
without interaction between surgery and time effects (p = 0.3). The linear discriminant
analysis effect size (LefSe) led to 16 significant taxa discriminating between groups: 5 for
the PF animals, 5 for the AdLib, and 6 for the RYGB rats (Supplementary Figure Slc),
represented in a cladogram (Supplementary Figure S2d). As shown above, Enterococcaceae
was a significant marker of the RYGB animals. A potential marker for the PF animals was
Lactobacillus and Bifidobacterium species up to their phylum of Actinobacteria for the AdLib
animals, all with a linear discriminant analysis (LDA) score > 4.

2.3. Fecal Metabolomics Show Altered Metabolite Production Post-Surgery

Eight weeks post-surgery, we identified significantly downregulated 3-hydroxyphenyl-
propionate (3-HPPA) and lysine in RYGB compared to sham (PF and AdLib) in animal
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feces (Figure 3a,b). On the contrary, GABA, malonate, TMA, TMAO, and sn-glycero-3-
phosphocholine (GPC) concentrations were significantly upregulated in RYGB compared
to PF and AdLib (Figure 3b). These metabolite changes were already observed four weeks
post-surgery (Supplementary Figure S2b).
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Figure 3. Feces metabolomics analysis eight weeks post-surgery. (a) Averaged heat map representing
all the quantified metabolites with their relatively elevated (red) or lowered (blue) concentration dif-
ferences between the groups. Metabolites significantly different between groups (one-way ANOVA)
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are underlined and represented as box plots (b): upregulated 4-aminobutyrate (GABA), malonate,
trimethylamine (TMA), TMA N-oxide and sn-glycero-3-phosphocholine, and downregulated 3-
hydroxyphenylpropionate (3-HPPA) and lysine in the RYGB animal group (grey dashed border
signifies the metabolites that exhibited the same pattern already at four weeks post-surgery). Further,
eight weeks post-surgery propionate and valerate were significantly downregulated, and taurine
was upregulated in RYGB. Individual samples are represented as RYGB (n = 5) black triangles, PF
(n = 8) dark grey dots, AdLib (n = 6) light grey squares with mean and standard deviation. p-values:
*##* <0.0001, *** < 0.001, ** < 0.01, * < 0.05. (c) Principal component analysis (PCA) and (d) partial
least squares discriminant analysis (PLSDA) regression model illustrate an overall sample cluster
overlap. 95% confidence interval is represented as grey clouds.

Moreover, significantly lower propionate, valerate, and upregulated taurine concen-
trations were quantified in RYGB compared to sham groups eight weeks post-surgery
(Figure 3b). All three group clusters, however, did not completely separate in princi-
pal component analysis (PCA), and partial least squares discriminant analysis (PLSDA)
illustrated a general overlap (Figure 3c,d).

At the end of the study period, RYGB compared to PF, but not to AdLib, exhibited
lowered short-chain fatty acids (SCFA) butyrate, acetate, and formate in feces from the
colon (Supplementary Figure S3a,b). We further observed an increased sample scattering
in the RYGB group in PCA and PLSDA (Supplementary Figure S3c,d).

2.4. RYGB Surgery-Altered Microbiota Composition Correlates with the Feces Metabolite Changes

Next, we performed correlation analyses between the gastrointestinal microbiota and
their metabolites in feces four and eight weeks after the surgery (Figure 4) and at the end of
the study (Supplementary Figure S4). This analysis focused on the most significant feature
differences between RYGB and both sham groups pooled. The main correlation patterns
were present already four weeks post-surgery (Figure 4a, and remained at the eight weeks
post-surgery (Figure 4b: GABA, malonate, taurine, TMA, TMAO, and GPC concentrations
positively correlated with the relative abundance of the Proteobacteria Escherichia/Shigella
and the Bacteroidota Muribaculaceae, Parabacteroides, Prevotellaceae NK3B3, Prevotellaceae
UCGO001 as well as the Firmicutes Enterococcus species while propionate, valerate, and
3-hydroxyphenylpropionate (3-HPPA) negatively correlated to the abundance of these taxa.
Furthermore, negative correlations were observed between GABA, malonate, taurine, TMA,
TMAO, and GPC and the Firmicutes Clostridium sensu stricto 1, Romboutsia, Turicibacter,
Lactobacillus, and the Bacteroidota Bacteroides species (Figure 4 and Figure S4).
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Figure 4. Fecal microbiota and metabolomics correlation analysis. (a) Four weeks and (b) eight weeks
post-surgery. The color scheme illustrates the correlation values scaled between —1 and 1. The red
color indicates a positive correlation, blue—negative correlation. Statistical significance of these corre-
lations illustrated as p-values: **** < 0.0001, *** < 0.001, ** < 0.01, * < 0.05. Correlation analysis involves
all three group values (RYGB, PF, and AdLib pooled), correlation coefficients from the Pearson r distance
measure. Abbreviations: GABA—4-aminobutyrate, TMA—trimethylamine, TMAO—trimethylamine
N-oxide, GPC—sn-glycero-3-phosphocholine, and 3-HPPA—3-hydroxyphenyl propionate.

At the end of the study, the concentrations of fecal metabolites isoleucine and 3-
hydroxybutyrate positively correlated with the relative abundance of some Bacteroidota,
Parabacteroides, Prevotellaceae NK3B31, Prevotellaceae UCGO001, and also with the abundance
of the genera Enterococcus and Escherichia/Shigella (Supplementary Figure S4). Acetate,
propionate, butyrate, and valerate concentrations correlated negatively with the abundance
of the same species. Isoleucine showed a negative correlation with Lactobacillus species.

2.5. RYGB Surgery Changes the Branched-Chain Amino Acid, Serine, and Glycine Metabolism
in Plasma

Plasma metabolomics revealed different metabolic patterns between the RYGB, AdLib,
and the PF animal groups (Figure 5a and Figure S5a). Serine and glycine were increased in
the RYGB group compared to the PF animals, but not AdLib (Figure 5b and Figure S5b).
Creatine levels in RYGB rat plasma were elevated compared to sham animals. Moreover,
isoleucine and valine were downregulated in RYGB. These metabolites are connected via
glycine, serine & threonine, and glyoxylate & dicarboxylate metabolic pathways. Fur-
thermore, downregulated threonine, valine, and isoleucine further indicated an affected
glycine, serine & threonine metabolism pathway and valine, leucine & isoleucine (BCAA)
biosynthesis pathway. We also saw downregulated betaine in the AdLib group compared
to PF and RYGB. All three groups had many unchanged metabolite concentrations lead-
ing to a general group confidence region overlap in PCA (Supplementary Figure S5c).
Several metabolites had highly variable concentrations within a group. PLSDA regres-
sion model revealed an increased sample scattering in RYGB compared to sham groups
(Supplementary Figure S5d).
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Figure 5. Plasma metabolite quantification analysis at the day of euthanasia. (a) Heat map illustration
of all the metabolites profiled in all plasma samples, with unsupervised clustering towards similar
metabolic patterns. (b) Individual box plots of one-way ANOVA significant metabolites: RYGB
(n = 5) black triangles, PF (1 = 8) dark grey dots, AdLib (n = 6) light grey squares, mean and standard

deviation, p-values: **** < 0.0001, *** < 0.001, ** < 0.01, * < 0.05.

73



74

Int. J. Mol. Sci. 2022, 23,1126

10 of 26

2.6. RYGB Animals Have Reduced C-Reactive and Increased Lipopolysaccharide-Binding Proteins
in Plasma

We quantified the concentrations of the acute-phase protein C-reactive protein (CRP),
the lipopolysaccharide-binding protein (LBP), the appetite-reducing hormone leptin, and
different cytokines in plasma from the three animal groups (Figure 6 and Figure S6). CRP
plasma levels were significantly reduced in the RYGB group compared to the PF and
the AdLib group (Figure 6a). On the other hand, LBP was significantly increased in
RYGB plasma compared to PF (Figure 6b). Leptin levels were also significantly increased
in the AdLib compared to the PF and RYGB (Figure 6¢). Insulin concentrations were
constant across the groups, with a large variation observed in the AdLib group (Figure 6d).
Similarly, no differences were detected for monocyte chemoattractant protein (MCP) 1,
interleukin (IL) 6, IL-10 (Supplementary Figure S6a). Chemokine ligand (CXCL) 2, IL-1«,
tumor necrosis factor (TNF)-«, and interferon (IFN)-y were below the limit of detection
(Supplementary Figure Séb).
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Figure 6. Immune and hormonal parameter profiling. Box plots visualizing the downregulated
C-reactive protein (CRP) (a) and upregulated lipopolysaccharide-binding protein (LBP) (b) in RYGB
compared to PE. Leptin was downregulated both in RYGB and PF animals compared to AdLib (c).
No significant changes in insulin concentration were detected between groups (d). One-way ANOVA
statistical significance, individual values illustrated for RYGB as black triangles (n = 5), PF dark grey
dots (n = 8), AdLib light grey squares (n = 7), with mean and standard deviation, p-values: ** < 0.01,
*<0.05.

2.7. The Hepatic Fatty Acid Profile Changes with Liquid Sucrose Diet after RYGB Surgery

As both diet and microbiota can influence the liver lipid metabolism, we quantified
the lipid fraction in the liver and its fatty acid (FA) composition. The overall lipid pro-
file was influenced by both the surgery and food intake. Even/odd chain saturated FA
ratio (C15:0, pentadecylic acid; C17:0, margaric acid) was significantly higher in hepatic
fat of the RYGB animals compared to the PF group (Figure 7a and Figure S7a,b). More-
over, the hepatic omega 6 to omega 3 FA ratio was significantly higher in the PF animals
compared to AdLib and RYGB (Figure 7b). Omega 6/3 ratio of the RYGB group was
not significantly different compared to the AdLib group even though C22:5(4,7,10,13,16)
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(a)

(docosapentaenoic acid, (PUFA, omega-6)) was increased in RYGB compared to the sham
groups (Supplementary Figure S7c).
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Figure 7. Hepatic fatty acid composition in RYGB and sham-operated animal groups. (a) Even to
odd chain fatty acid (FA) ratio (w/w), (b) omega 6 to omega 3 FA ratio (w/w), (c) saturated (SFA) to
unsaturated FA (UFA) ratio (w/w), (d) mono-unsaturated fatty acid (MUFA) concentration (mg/g
fat), (e) poly-unsaturated fatty acid (PUFA) concentration (mg/g fat), (f) liver fat (% weight of liver).
One-way ANOVA statistical significance, individual values illustrated for RYGB as black triangles

(n =5), PF dark grey dots (n = 8), AdLib light grey squares (n = 7), with mean and standard deviation,
p-values: *** < 0.0001, ** < 0.001, ** < 0.01, * < 0.05.

Independent from the surgery-specific observations, food intake restriction and liquid
sucrose diet changed FA liver profiles. The most notable differences in the AdLib group
were related to the FA saturation compared to RYGB and PF. The saturated /unsaturated
FA ratio was higher in the RYGB and PF when the food was reduced, compared to AdLib
(Figure 7c), mainly due to low MUFA concentrations (Figure 7d). In contrast, less poly-
unsaturated FA was detected in AdLib animal liver compared to RYGB and PF (Figure 7e).

Corresponding differences in the AdLib group were also clearly visible in the plots
of several single FA. Upregulated C16:1(9) (palmitoleic acid, SFA), C18:1(9) (oleic acid,
MUFA)), lowered C18:0 (stearic acid, SFA) and lowered C20:4(5,8,11,14) (arachidonic acid,
PUFA, omega-6) and C22:4(7,10,13,16) (docosatetraenoic acid, PUFA, omega-6) were quan-
tified in AdLib rats to RYGB and PF (Supplementary Figure S7d-h). Consequently, liver fat
content (%) was higher in the AdLib group compared to PF yet not statistically significant
when compared to RYGB (Figure 7f).

Finally, we observed a higher desaturase activity in the AdLib group compared to
PF. A lower elongase activity was quantified in the AdLib rats compared to PF and RYGB
(Figure 7g,h and Figure S7f,1,m). Besides the fatty acid distribution in the liver, we also
quantified the expression of key genes of hepatic lipid metabolism. Only fatty acid-binding
protein 1 (FABP1) had an altered expression between groups in our investigated cohort,
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higher in the AdLib animals than in the PF (Supplementary Figure S7k). Total energy intake
correlated positively to MUFA but negatively to the C24:0 concentration (Supplementary
Figure S7n,0). Expression of fatty acid synthase (FAS) positively correlated to the percentage
of energy obtained from the liquid sucrose solution (Supplementary Figure S7p).

2.8. The Correlation of Metabolomics Data with Plasma Metabolomics, Immune, Hormonal, and
Liver Parameters Indicates Surgery-Specific and Food-Related Patterns

We correlated plasma and fecal metabolite concentration patterns to investigate further
the systemic effects of the RYGB surgery (Figure 8). Fecal GABA had the highest positive
correlation with fecal malonate and TMAOQO, while it had negative correlations with plasma
threonine, tyrosine, fecal propionate, and 3-HPPA (Figure 8a). Plasma 3-hydroxybutyrate
correlated with fecal TMAO and glutamate and had a negative correlation with plasma
tyrosine and threonine, as well as fecal tyrosine, lactate, 3-HPPA, propionate, and acetate
(Figure 8b).
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Figure 8. Correlation analysis between the plasma and feces metabolites. Top 25 compounds
correlated with (a) GABA and (b) 3-hydroxybutyrate. Correlation coefficients are based on Pear-
son r distance measure. Abbreviations: Pla—plasma metabolite, Fec—fecal metabolite, GABA—4-
aminobutyrate GPC—sn-glycero-3-phosphocholine, 3-HPPA—3-hydroxyphenylpropionate, TMAO—
trimethylamine N-oxide.

For a cross-platform comparison, we further correlated the significantly differing
plasma and feces metabolites with significantly changed immune and hormonal parame-
ters and liver FA concentration changes. Of note, these comparisons correlate between the
most prominent feature changes, considering the RYGB group compared to sham. First, we
identified a prominent group of features similar between PF and AdLib but significantly
different to the RYGB group (Supplementary Figure S8a). Fecal taurine and TMA positively
correlated to LBP while fecal TMAO and GABA positively correlated to C22:5(4,7,10,13,16)
(docosapentaenoic acid (osbond acid), PUFA, omega-6), and C24:1(15) (nervonic acid,
MUEFA). C22:5(4,7,10,13,16) also positively correlated to plasma 3-hydroxybutyrate and
negatively correlated to plasma threonine. CRP had positive correlations with fecal 3-
HPPA, plasma threonine, and a negative correlation with fecal GPC, GABA, and TMAO.
Second, we identified similar features between the RYGB and PF groups that were sig-
nificantly different from the AdLib group (Supplementary Figure S8b). Plasma leptin
negatively correlated to C22:4(7,10,13,16) (docosatetraenoic acid, PUFA, omega-6) while
it had positive correlations to the sum of MUFA, C16:1(9) (palmitoleic acid, MUFA), and
C14:0 (myristic acid, SFA). FABP1 positively correlated to C15:0 (pentadecylic acid, SFA),
C16:1(9) (palmitoleic acid, MUFA), and liver fat % content.
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2.9. Brain Imaging Reveals Increased Neuronal Activity after RYGB Surgery

Neuronal activity was investigated using ['®F]fluorodeoxyglucose (FDG) PET at rest-
ing state and after a glucose stimulus. When comparing RYGB to PF rats, ['8F]EDG tracer
uptake at resting state was increased in the brain stem and midbrain areas, including the
central tegmental tract (ctg), dorsal tegmental bundle (dtg), deep mesencephalic nucleus
(DpMe), dorsolateral periaqueductal grey (DLPAG), and medial geniculate nucleus dorsal
(MGD) (Figure 9a). Similarly, neuronal activation at the resting state in RYGB was increased
in the brain stem and midbrain areas, such as retrorubral field (RRF), dtg, and DpMe
compared to AdLib (Figure 9b).

Hypothalamus Thalamus

t-value , .
Midbrain

Brain stem

(a) U DS
2000 2000
e )

) (e)
- 0000 "2000
¥ @\ /
- 0000 9000
PF > AdLib

Resting state Glucose stimulation

Figure 9. Functional PET brain activation maps at resting state and after glucose stimulation. Coro-
nal brain sections show increase in relative [\8F]FDG uptake at resting state and after glucose
stimulation. Comparison of (a,d) RYGB > PF rats, (b,e) RYGB > AdLib and (c,f) PF > AdLib at
a significance level of p < 0.01. Brain region color code: red—hypothalamus, green—brain stem,
yellow—thalamus, blue—midbrain. RYGB (1 = 5), PF (n = 5) AdLib (n = 6). Abbreviations: PMnR—
paramedian raphe nucleus, ctg—central tegmental tract, dtg—dorsal tegmental bundle, DpMe—deep
mesencephalic nucleus, MGD—medial geniculate nucleus dorsal part, LH—lateral hypothalamus,
MGP—medial globus pallidus, MGV—medial geniculate nucleus ventral part, RRF—retrorubral
field, REth—retroethmoid nucleus.

Furthermore, increased neuronal activity in response to glucose stimulation was
observed in thalamic areas, such as MGD, medial geniculate nucleus ventral (MGV),
and the hypothalamic regions, such as the lateral hypothalamus (LH) and medial globus
pallidus (MGP) in RYGB animals compared to PF (Figure 9d). The thalamic areas were
also activated when comparing RYGB to AdLib (Figure 9¢). No specific differences in
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tracer uptake were observed in the investigated brain regions before or after the glucose
stimulation when comparing AdLib to the PF group (Figure 9c¢,f).

In addition, the effect of glucose stimulus was analyzed on a cellular level by early
gene (c-Fos) histochemical staining. Generally, glucose-induced c-Fos cell counts were
low, with no group differences observed in the basolateral amygdala (BLA), layer 2 of the
cortex (L2), or paraventricular hypothalamic (PVH) regions (Supplementary Figure S9;
Supplementary Tables S1-53).

3. Discussion
3.1. Liquid Sucrose-Induced Obesity Is Reverted by RYGB Surgery

Our results confirmed the persistent weight reduction in liquid sucrose diet-induced
obese rats post-RYGB surgery, similar to other animal studies [20,42] and clinical prac-
tice [43]. PF animals had similar body weight to the AdLib group after the sham surgery,
suggesting that caloric restriction was not the only driver for the RYGB-induced weight
loss. Moreover, caloric restriction efficiently reduced total liver fat content in the PF animals.
While the total energy consumption was significantly higher in AdLib compared to RYGB
and therefore also PF, the relative percentage of energy consumed via liquid sucrose was
not significantly changed between the groups. Therefore, we conclude that the surgery led
to a reduced total energy intake in RYGB animals.

3.2. Microbiota Perturbations Lead to Upregulated Fecal GABA and Lower Fiber Fermentation

RYGB surgery causes a persistent environmental change of the gut which has been
previously associated with a long-lasting impact on the microbiota composition and
metabolism [44]. RYGB has also been shown to promote a change in dietary habits and their
associated neuronal processes [45]. Bacteroidetes and Proteobacteria such as Escherichia
have been reported to actively express the genes necessary for producing the neurotrans-
mitter GABA in human stool [46]. Here we quantified a higher fecal concentration of
GABA in RYGB rats, correlating with a higher relative abundance of Escherichia/Shigella
and Parabacteroides in these animals. The regulation of neurotransmitters through the
microbiota can affect the host through gut-brain communication (reviewed in [47,48]).
GABA is a crucial part of the brain’'s GABAergic system and the enteric nervous system
(ENS), acting as a modulator for the gut signaling processes [49]. It has been reported that
GABA can activate gut/intestinal cells and further promote a cascade leading to neuronal
cell activation via gut secreted exosomes [50]. GABA receptors also have been shown to in-
fluence the liquid secretion processes (GABA-A) and gut motility (GABA-B) [51]. Increased
GABA concentrations in feces correlate to the liquid state of the feces and suggest a higher
defecation rate in RYGB compared to sham groups.

Further, we quantified a reduced relative abundance of Firmicutes in RYGB compared
to AdLib and PF feces, particularly Lactobacillus, Turicibacter, and Romboutsia, which are
known to produce SCFA via fiber fermentation [38,52]. Lower levels of fecal SCFA in RYGB
and AdLib compared to PF may result from different nutrient availability in the colon.
In RYGSB, this is a potential side effect of surgery and consequent malabsorption as the
macronutrients can escape directly from the small intestine into the large intestine. While
in AdLib, similarly lower SCFA was quantified due to the larger amount of food ingested,
and thus more macronutrients entered the fermentative section of the gut. As the substrate
is different, the readily available macronutrients such as protein and simple carbohydrates
might be fermented first and fast by the microbiota, giving the SCFA more time for entering
enterocytes and the bloodstream via diffusion, resulting in lower fiber fermentation and
therefore less SCFA in RYGB and AdLib feces compared to PF.

Moreover, the higher relative abundance of Bacteroidetes, particularly Muribaculaceae
species, which are versatile carbohydrate degraders [53], could indicate a shift from fiber
fermentation to host-derived carbohydrate utilization in the microbiome of RYGB ani-
mals [38,54].
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Increased fecal taurine in RYGB has been previously reported in the context of the
intestinal NOD-like receptor family pyrin domain containing 6 (NLRP6) inflammasome
expression repair leading to gut immune homeostasis [55] and supports our findings of
reduced inflammation in RYGB as reflected by decreased CRP plasma levels.

TMA and TMAO were elevated in the feces of RYGB rats and are usually produced
from dietary choline and carnitine by gut bacterial enzymes (choline TMA lyase; carnitine
oxidoreductase) [56,57]. In our dataset, plasma TMA and TMAO had a significant positive
correlation to the relative abundance of Enterococcus, most prominent at four and eight
weeks post-surgery. Enterococcus species have been reported to enable plasma TMAO
degradation ex vivo [58], suggesting that bacterial species could be activated with the
purpose of TMA and TMAO degradation. TMA and TMAO have been related to increased
risk of cardiovascular disease [59-61]. However, we also observed in the RYGB rats a
significant decline of TMAO concentrations in feces from four to eight weeks. Furthermore,
in feces samples on the day of euthanasia, TMAO was no longer significantly increased in
RYGB compared to sham, which indicates a temporary microbiota shift after the surgical
intervention that could be resolved during the recovery time after surgery.

3.3. RYGB Surgery Leads to Lowered Plasma BCAA and Increased Glycine

Plasma metabolite profiling confirmed that RYGB surgery alters the valine, leucine,
and isoleucine BCAA biosynthesis pathway [62]. BCAA upregulation has been linked to
obesity and diabetes [63] and interconnected with glycine downregulation [64]. Reduced
solid food intake resulted in less available protein in RYGB and PF. However, quantified
BCAA decrease could indicate malabsorption in RYGB.

Furthermore, we identified glycine, serine, and threonine, and glyoxylate and di-
carboxylate metabolic pathway upregulation after RYGB surgery. Metabolites such as
serine and glycine are known substrates for the folate and methionine cycle [65]. These
further participate in one-carbon metabolism, which is crucial for appropriate nucleotide
and cofactor synthesis. Obesity and type 2 diabetes have been previously associated with
depleted circulating glycine and the potential necessity of therapeutic glycine supplemen-
tation [66]. We conclude that RYGB surgery leads to improved plasma metabolite patterns
and, therefore, a potentially reduced risk of type 2 diabetes.

3.4. RYGB Surgery Results in Elevated LBP Not as a Result of Inflammation but Possibly from
Increased Lipolysis as Seen by Plasma Ketone Body Levels

Although increased LBP in plasma is a known marker for inflammation [67], we did
not observe any other signs for an upregulated inflammatory response in the RYGB group
compared to the sham. Indeed, plasma CRP levels were decreased in RYGB compared
to sham groups, which is in good agreement with previous research [68]. Furthermore,
our reported microbial changes of increased gram-negative Bacteroidetes and Proteobacte-
ria, which are known to express the antigen LPS on their cell surface [69], and decreased
gram-positive Firmicutes, could lead to a higher LPS concentration within the RYGB gut
compared to sham. Increased hepatic even/odd chain fatty acid ratio and reduced lep-
tin levels in RYGB support the hypothesis that RYGB leads to upregulated lipolysis as
reflected by increased levels of the ketone body 3-hydroxybutyrate in RYGB animal plasma.
3-Hydroxybutyrate is produced by the liver in lipolysis and serves as the primary energy
substrate via beta-oxidation and acetyl-CoA for the TCA cycle when glucose is depleted [70].
During lipolysis, long-chain fatty acids can be transported only within chylomicrons, which
are therefore highly upregulated [71]. However, as LPS has a high affinity for chylomicrons,
we conclude that chylomicron formation due to increased lipolysis promotes intestinal LPS
absorption, as previously described in gut mucosa [68]. We thus hypothesize that due to
reduced solid food intake and malabsorption, de novo lipogenesis is enhanced in RYGB
animal livers from excess sucrose, particularly from the fructose moiety. However, as too
many free fatty acids can be toxic, the body might try to regulate this by simultaneously
increasing lipolysis, as seen by elevated 3-hydroxybutyrate levels in RYGB plasma. More-
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ovet, increased lipolysis might contribute to the weight loss in the RYGB group that could
not be attributed solely to reduced food intake in PF.

Finally, the decrease of the ketogenic amino acid lysine in RYGB feces and increased
3-hydroxybutyrate in RYGB plasma indicates that lysine could be transformed into 3-
hydroxybutyrate. In this context, it is important to note that increased 3-hydroxybutyrate
has also been found in humans after one-anastomosis gastric bypass surgery [72].

3.5. The Even/Odd Saturated FA Ratio Is Increased after RYGB Surgery

The RYGB hepatic FA profiles differed from the PF and AdLib animals when consid-
ering the hepatic even/odd FA ratio, which was higher in RYGB. Indeed, RYGB animals
showed a lower concentration of margaric acid (C17:0) than sham animals, which could be
synthesized in the liver from the gut-derived propionate, a metabolite found in reduced
concentrations in the RYGB feces. It is well recognized that gut microbiota influences host
lipid metabolism [73]. Kindt et al. showed that microbiota-derived dietary fiber acetate
leads to the synthesis of FA in the liver, particularly palmitic acid (C16:0) and stearic acid
(C18:0). Moreover, fructose triggers de novo lipogenesis in the liver through two mecha-
nisms, both involving its transformation into acetate by the microbiota [73]. Moreover, the
liver can use gut-derived propionate to synthesize odd chain FA [74]. As the odd chain
FA increases the membrane fluidity and is linked to a lower risk for type 2 diabetes and
could help against Alzheimer’s disease and cancer [75-77], our observations suggest an
unfavorable effect on RYGB associated with high sucrose consumption on the liver FA
profile. Kindt et al. showed that changes in FA profiles in the liver were also found in
plasma FA profiles and might, therefore, have a systemic effect. It has also been shown
that the circulating long-chain FA can be sensed in the hypothalamus, where they regulate
glucose homeostasis [78]. Nevertheless, we did not find a direct gut-brain link through
our investigation.

3.6. RYGB Surgery Leads to Altered Neuronal Activity in the Rat Brain

We investigated the effect of an RYGB surgery on brain activity by ['*FJFDG-PET.
We observed several activated brain areas in rats that underwent RYGB surgery as a
possible result of the ketogenic state where 3-hydroxybutyrate replaced glucose as the
primary cellular energy source. The highest neuronal activation was observed in RYGB
compared to sham rats in the brain stem, midbrain, thalamus, and hypothalamus areas. The
midbrain regions of ctg and DpMe are GABAergic cell-rich regions with a high potential
for GABAergic signaling processes [79]. They are involved in an exaggerated activation of
homeostatic feeding circuits and display enhanced brain serotonergic signaling after RYGB
surgery [80].

We also quantified increased 3-HPPA, which is formed through the fermentation of ty-
rosine by Clostridium, Escherichia, and Eubacteria species or via polyphenol metabolism [54].
3-HPPA has been reported to be able to cross the blood-brain barrier, further serving as
a competitive inhibitor for dopamine synthesis [81]. As we saw a neuronal activation in
the hypothalamus and midbrain (ctg, dtg), regions where dopamine is produced, a further
investigation would be necessary to confirm this connection. Although a limitation of this
study was the relatively low animal number per group, our data shows that the RYGB
surgery results in increased neuronal activity in the RYGB animals compared to controls.

3.7. Key Findings and Future Implications

In conclusion, RYGB surgery successfully reversed the weight gain induced by the
liquid sucrose diet. In the gut, RYGB rats showed increased Bacteriodota, Probacteria, and
decreased Firmicutes. Microbiota changes led to notably increased GABA production in the
gut, which we further quantified in feces, possibly influencing downstream metabolite and
cytokine profiles as well as signaling in GABAergic regions of the ENS and CNS. Lowered
plasma BCAA and increased glycine in RYGB suggested a lowered risk of obesity. As
we opted to induce obesity using the liquid sucrose diet, most of the changes in the liver
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fatty acid profile were related to the diet and caloric restriction effects. We also observed
increased brain neuronal activity after the surgery, yet further confirmatory investigations
are needed to truly underpin the molecular mechanisms regulating appetite, metabolism,
and gut-brain signaling.

4. Materials and Methods
4.1. Animals

Male Lewis rats (n = 27, approximately 400 g, (Charles River, Sulzfeld, Germany)
were single-housed in IVC cages (1500U) enriched with nesting material and kept on a
12-h day-night cycle at a room temperature of 22 °C and 40-60% humidity. All exper-
imental procedures were performed in accordance with the European Union Directive
2010/63/EU on the protection of animals used for scientific purposes and were approved by
the Regierungspraesidium Tuebingen (Tuebingen, Germany regional authorities approval,
permit number MPV 3/16, issued 13 May 2019).

4.2. Experimental Design and Surgical Technique

The experimental design is shown in Figure la. Rats (n = 27) were randomized in
cages, housed in groups of four, and had ad libitum access to phytoestrogen-reduced chow
(Sniff, Soest, Germany) and a water bottle containing 30% sucrose (Sigma Aldrich Chemie,
Taufkirchen, Germany) in water (liquid sucrose) for eight weeks. Subsequently, rats were
randomly assigned to undergo RYGB (n = 10) or sham surgery (n = 17). The details of
the RYGB surgery have been described previously [82]. Rats were fasted overnight and
were treated with antibiotics (Baytril, 5.7 mg/kg, s.c., Bayer, Leverkusen, Germany) and
analgesics (Carprofen, 5 mg/kg, s.c., Bayer, Leverkusen, Germany) prior to anesthesia.
Anesthesia was induced in an induction chamber with 4-5% isofluorane (CP-Pharma
Handelsgesellschaft mbH, Burgdorf, Germany). When surgical tolerance was reached,
anesthesia was maintained with 1-3% isofluorane. The surgical areas were cleaned with
Braunol (B Braun SE, Hessen, Germany), and all rats received eye ointment to protect
the cornea. Rats were kept on heating pads to avoid hypothermia. Following a midline
laparotomy, the RYGB surgical intervention consisted of a transection of the stomach,
leaving only a small proximal pouch, a transection of the small bowel, and reanastomosis
creating an alimentary (or Roux) limb of approximately 50 cm, a biliopancreatic limb, and
a common channel. The esophagogastric junction was anastomosed to a loop of jejunum
8-10 cm distal to the ligament of Treitz in an end-to-side fashion. A 7-mm side-to-side small
bowel anastomosis was performed between the biliopancreatic and the alimentary limbs to
create a common channel of approximately 25 cm. Anastomoses were performed using
prolene 7/0 and the gastric remnant was closed with prolene 5/0. The sham procedure
consisted of a laparotomy, a 7-mm gastrotomy on the anterior wall of the stomach, and
resuturing of the gastrotomy with 5/0 prolene. At the end of all the procedures, 5 mL
of warm 0.9% saline was given i.p. to compensate for fluid loss before the closure of the
abdominal wall and skin with vicryl 4/0. Rats were maintained in a warm environment
until they were fully awake and mobile. Rats received antibiotics and analgesics (as
described in the pre-operative preparation) on postoperative days 1-4, once a day, and
single-housed to avoid any additional risk of wounds. Four RYGB rats died shortly after
the surgery. During the first week after surgery, wet food was provided in the cages for
recovery, and no sucrose was given to avoid inflammation in RYGB animals. Sucrose intake
started again one week after surgery. After nine weeks, the RYGB group (n = 6) and sham
AdLib group (n = 9) continued to have ad libitum access to the diet and liquid sucrose,
while the sham pair-fed group (PF; n = 8) received water ad libitum and were pair-fed chow
and liquid sucrose solution calculated from the food and liquid sucrose consumption of
the RYGB group. One RYGB rat (RYGB 6) was euthanized 6 weeks after RYGB surgery as
weight loss was more than 20% of the average body weight and had reached termination
criteria. One AdLib rat (Sham 1) was euthanized as a control to collect data and one AdLib
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rat (Sham 9) died shortly before the FDG-PET measurement. The final animal numbers per
group were RYGBn =5,PFn =8, AdLibn=7.

4.3. [18FJFDG-PET with Glucose Stimulation

At least eight weeks post-surgery, overnight fasted rats were deeply anesthetized with
3% isoflurane evaporated in the air at a flow rate of 0.8 L/min in an induction chamber.
The isoflurane was reduced to 2% for maintenance, and a blood sample was collected from
the tail vein to determine the blood glucose concentration. Three catheters were placed
into the tail vein for anesthesia, glucose stimulation, and tracer injection, and rats were
intubated and connected to a small animal ventilator (DC1 73-3629, Harvard Apparatus,
Holliston, MA, USA). Breaths per minute were set to 60 with an inspiration duration of 60%
of the ventilation cycle. The end-inspiratory pressure was set to approximately 10 cm H,O
and 500 mL/min flow. During the preparation, animals were warmed by a heating pad. At
least 30 min before the start of the PET acquisition, isoflurane anesthesia was replaced by
an initial bolus of 16 mg of alpha chloralose, followed by a second bolus containing 5 mg
of alpha chloralose and 0.25 mg of pancuronium bromide after five minutes. A constant
infusion of alpha chloralose (20 mg/kg/h) (Sigma Aldrich Chemie GmbH, Taufkirchen,
Germany) and pancuronium bromide (1 mg/kg/h) (Inresa Arzneimittel GmbH, Freiburg,
Germany) was started and maintained for the duration of the imaging experiment.

['8F]FDG was obtained from the radiopharmacy (Department of Preclinical Imaging
and Radiopharmacy). PET/MRI experiments were performed on a combined PET/MRI
(7T) system (ClinScan, Bruker BioSpin MRI GmbH, Ettlingen, Germany) with an in-house-
built PET insert [83]. Using a localizer scan, rats were placed in the center of the field of
view (FOV) on a water-heated small animal bed (Medres, Cologne, Germany) connected to
a feedback temperature control unit (Medres, Cologne, Germany) set to 37 °C. A 72 mm
linearly polarized RF coil (Bruker BioSpin MRI GmbH, Ettlingen, Germany) was used for
signal excitation and a transceiver coil for the anatomical sequence. At least 30 min after
isoflurane was set to 0%, a bolus plus constant ['8F]FDG (injected activity: 87.5 4- 9.2 MBq)
infusion was started (bolus: 166 uL/min for one minute, infusion 8§ uL/min remaining
time; 155-165 MBq in 1.1 mL). Dynamic PET data were acquired for 70 min and divided
into 70-time frames (60 x 60s; 1 x 30 s). A one-minute glucose stimulation (0.35 g/250 g
body weight, 50% Glucose solution B. Braun, Melsungen, Germany) was injected 30 min
after the start of the PET acquisition. At the end of the scan, an anatomical T2 image was
acquired using a TurboRARE sequence (TE: 67.11 ms, TR: 1800 ms, rare factor: 28, averages:
1, FOV: 40 mm X 32 mm x 32 mm, image dimensions: 160 px x 128 px x 128 px, voxel
size: 0.25 mm x 0.25 mm x 0.25 mm).

4.4. ['8FIFDG-PET Data Analysis

All ['8F]JFDG-PET scans were stored as list-mode files and reconstructed dynami-
cally into one-minute time frames using an ordered subset expectation-maximization 2D
(OSEM2D) algorithm. Then PET DICOM images were converted into NIfTI files before
pre-processing using Statistical Parametric Mapping (SPM12, Wellcome Trust Centre for
Neuroimaging, University College London, London, UK) in MATLAB (Mathworks, Natick,
MA, USA). First, image realignment was applied to correct the motion artifacts. Then, skull
stripping was performed on all PET and anatomical reference images of each rat using
binary masks generated in AFNI (Analysis of Functional Neuro Images, Medical College of
Wisconsin, Milwaukee, WI, USA). Next, the PET images of each rat were co-registered to
their respective anatomical image using SPM12. The anatomical scans were then used to
normalize the PET datasets to the Schiffer rat brain atlas [84]. Finally,a 1.5 x 1.5 x 1.5 mm?3
full-width-half-maximum (FWHM) Gaussian kernel was applied to all PET images for
spatial smoothing [85].

Time-activity curves of each region of interest were normalized to the whole-brain
radioactivity. Average normalized PET images were generated for all cohorts between 21
and 30 min and 41 and 50 min for voxel-wise comparison of baseline and glucose-stimulated
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conditions. The generated images were loaded into a second-level SPM two-sample analysis
to generate contrasts between RYGB and AdLib, RYGB and PF, and PF and AdLib based
on t-test statistics. R02 (Sham 7), R17 (Sham 13), R04 (Sham15), and R01 (Sham 02) data
were excluded from further analysis due to distorted images because of animal movement
during the scan or a paravenous ["®F]FDG injection.

4.5. Tissue and Feces Collection

Rat feces were collected at four and eight weeks post-surgery from the cage. After the
PET scan, 1-2 mL blood sample was collected and centrifuged for 5 min at 4 °C 3000 rpm
after clotting for 20-30 min at room temperature. Plasma was aliquoted, snap-frozen,
and stored at —80 °C until further experiments. Rats were transcardially perfused with
50 mL ice-cold PBS followed by 150 mL of 4% paraformaldehyde (PFA). Rat feces were
collected from the colon in cryo-vials and snap-frozen in liquid nitrogen. The brains were
surgically extracted, post-fixed in 4% PFA overnight, and transferred to PBS the next day
for long-term storage at 4 °C. Liver tissue was collected and snap-frozen in liquid nitrogen
and kept at —80 °C for long-term storage.

4.6. Immunohistochemistry

Early gene (c-Fos) and NeuN histochemical stainings were performed on free-floating
sections. The brains were cut into 60-um coronal slices using a Microm (HM 650 V vi-
bratome Thermo Fisher Scientific, Dreieich, Germany). Individual sections were collected
in wells filled with 0.1 M PBS (pH 7.4). Per animal, three coronal sections at the level
—1.8 mm posterior to bregma, according to the coordinates of the atlas of Paxinos and
Watson [86], were chosen for analysis based on brain activity seen in the PET data.

Neural activity on a cellular level was revealed using antibodies against the c-Fos
protein, an early transcription factor. In addition, NeuN, a marker for neurons, was applied
to detect how many c-Fos positive cells were neuronal. Brain sections were washed three
times with 0.1 M PBS (pH 7.4) and blocked for 2 h with 10% goat serum (s-1000, Vector
Laboratories, Linaris Biological Products, Mannheim, Germany) in 1X PBS. Sections were
incubated with c-Fos antibody (1:1000, mouse monoclonal (C-10), sc-271243, Santa Cruz
Biotechnology, Dallas, TX, USA) for 72 h on a shaker at 4 °C in the dark. Sections were then
washed three times with 0.1 M PBS and incubated with the secondary antibody (1:2000,
Alexa Flour 488, goat anti-mouse IgG H + L, ab150117, Abcam, Cambridge, UK) for 2 h at
room temperature (RT). Sections were subsequently washed 0.1 M PBS and incubated with
anti-NeuN antibody (Anti-NeuN, clone A60, mouse, Alexa Fluor®555 conjugated, Agilent,
Santa Clara, CA, USA) in blocking solution for 72 h at 4 °C. After rinsing with 0.1 M PBS,
sections were finally stained with DAPI (Thermo Fisher Scientific Inc., Dreieich, Germany)
(10 min, RT) and mounted on glass slides using Fluoromount-G (H-100, VECTASHIELD®
Antifade Mounting Medium, Linaris Biological Products, Mannheim, Germany).

4.7. Confocal Imaging

Images were captured using a confocal microscopy system (Confocal LSM 710, Zeiss,
Jena, Germany). The images were post-processed using linear brightness and contrast
transformations to improve visibility. For figures, images were further processed with
CorelPhotoPaintX6 (CorelPhotoPaintX6, Corel Cooperation, Ottawa, ON, Canada). Experi-
menters blinded to experimental groups used the DAPI channel and anatomical guidelines
described by Paxinos & Watson [86] to determine regions of interest (ROIs). The basolateral
amygdaloid nucleus (BLA), central amygdaloid nucleus (CeC), dorsal endopiriform nu-
cleus (DEn), paraventricular nucleus of the hypothalamus (PVN), and layer 2 of the cortex
(L2) were examined for c-Fos and NeuN positive cells.

Analysis was performed using Image] software (National Institutes of Health). The
number of cells labeled for c-Fos and NeuN and their co-localization were counted manually
on the Fiji software (National Institutes of Health (NIH), Bethesda, MD, USA) platform
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using Image] plugin Cell Counter (NIH, Bethesda, MD, USA). The number of counted cells
was averaged across three sections per bregma level for each animal and ROI.

4.8. 16S rRNA Gene Sequencing-Based Microbiome Analysis

Genomic DNA was extracted from ~200 mg feces using the Nucleospin Stool Kit
according to the manufacturer’s recommendation (Macherey Nagel, Diiren, Germany) with
1 mL diluted ST1 buffer (1:1 with water), a bead-beating step of 40 s at 6 m/s on a FastPrep
24 G (MP Bio, Illkirch-Graffenstaden, France) instead of step 2. Amplification of 165 RNA
gene was performed using a single PCR approach with dual-index V4-region primers
(Biomers, Ulm, Germany) [87,88]. The Phusion Hot Start Il DNA polymerase (Thermo
Fischer Scientific, Walldorf, Germany) was used for 25 cycles on 1 ng of DNA. According
to the manufacturer’s instructions (Mag-Bind RXNPure Plus, Omega, Norcross, GA, USA),
PCR products were checked on agarose gel and purified with magnetic beads. Quantifica-
tion was then performed on a Quantus Fluorometer (Promega, Walldorf, Germany) with
the QuantiFluor One dsDNA System (Promega, Walldorf, Germany), according to the man-
ufacturer’s recommendation. Products were then pooled in a library (final concentration
8 pM, with 20% PhiX DNA) and sequenced on a MiSeq (Illumina, San Diego, CA, USA)
using a MiSeq Reagent Kit v3 for 2 x 300 cycles as recommended by the manufacturer with
additional dual-index sequencing primers [89].

Raw sequences were trimmed and quality filtered before ASVs were defined using the
package Dada2 [90]. Phyloseq package was used to determine alpha- and beta-diversity [91].
Adonis from the package vegan was used to perform permanova (https://cran.r-project.
org/web/packages/vegan/index.html, accessed on 8 October 2020), and the LefSe Server
was used to identify significantly discriminative taxa between treatment groups [92].

Raw sequence data have been deposited in the European Nucleotide Archive ENA
under the accession number PRJEB49286 (European Nucleotide Archive (ENA).

The 66 sequenced samples led to 2,618,817 reads in total, corresponding to 1520 ampli-
con sequencing variants (ASVs). Samples had between 12,704 to 78,082 reads. Removing
the negative control (around 700 reads) and mock community samples led to 1461 ASVs
in rat samples. All ASVs with less than 10 reads overall were removed, resulting in 1106
ASVs on which further analyses were performed.

4.9. 'TH-NMR Spectroscopy-Based Metabolomics Analysis of Plasma and Feces

45 pL of plasma was mixed with 90 puL of LC-MS grade methanol. 300 mg of rat
feces were suspended in 400 pL of methanol and 800 uL of methyl-tert-butyl ether (Sigma
Aldrich Chemie, Taufkirchen, Germany). Mixtures were subjected to ultrasound metabolite
extraction protocol of 5 min per sample by Covaris E220 ultrasonicator equipped with
a water-cooling bath at 8 °C (Covaris, Woburn, MA, USA). Further, 500 uL of ultrapure
water was added to the feces sample mixture. Glass tubes were centrifuged at 30,000x g
for 30 min for two-phase separation. The aqueous phase was transferred to a fresh 1.5 mL
Eppendorf cup (Eppendorf, Hamburg, Germany). Plasma extract was also transferred to a
1.5 mL Eppendorf cup and centrifuged at 30,000x g for 30 min. The supernatant of each
sample was transferred to another clean 1.5 mL Eppendorf and evaporated to dryness
overnight. Metabolite pellets were re-suspended in 45 pL 200 mM phosphate (K;HPO,)
buffer in deuterated water (D,0O) containing 200 pM NaN3 (pH 7.4), and containing 1 mM
(3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) internal standard (Sigma
Aldrich Chemie, Taufkirchen, Germany). Suspensions were thoroughly mixed (vortexed)
and centrifuged at 30,000 x g for 10 min. 40 uL of clear supernatant were used to fill 1.7 mm
NMR tubes (Bruker BioSpin, Ettlingen, Germany).

NMR measurements were carried out on a Bruker Avance III 14.10 Tesla, 600 MHz
for 'H with a 1.7 mm triple-resonance room-temperature probe (Bruker BioSpin, Ettlingen,
Germany). A short zero-go (zg) measurement was followed by 7-min 1D NOESY and
1-h CPMG (512 scans) experiments. Spectra were pre-processed with Bruker TopSpin
3.6.1 software and later profiled using ChenomX 8.5 Professional NMR Suite. For further
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analysis, RO1 (Sham 02) and R20 (Sham 16) feces samples and R16 (Sham 06) plasma
samples were excluded due to a technical issue of poor NMR spectra resolution.

4.10. Immune and Hormonal Parameter Profiling

Rat interleukin (IL)-10, IL-1«, interferon-gamma (IFN-y), and tumor necrosis factor
o (TNFo«) protein levels were quantitatively measured by cytometric bead array flex sets
(CBA) (BD Biosciences, San Diego, CA, USA) according to the manufacturer’s protocol.
Rat CXCL2, IL-183, leptin and C-reactive protein (CRP) (R&D Systems, Minneapolis, MN,
USA), IL-6 (BioLegend, London, UK), lipopolysaccharide (LPS) binding protein (LBP)
(Hycult Biotech, Uden, The Netherlands), and insulin (Crystal Chem Zaandam, The Nether-
lands) were quantified by enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s protocol.

4.11. Liver Gene Expression

RNA was extracted from 10-25 mg of the frozen mortar-grounded liver using the
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was performed
with the GoTaq 2-Step RT-qPCR System according to the manufacturer’s recommendation
(Promega, Walldorf, Germany), and qPCR was run on a 480 LightCycler (Roche, Basel,
Switzerland) with GoTaq qPCR Master Mix 2x (Promega, Walldorf, Germany) for several
lipid metabolism-relevant genes and two housekeeping. As beta-actin appears to be highly
variable and HPRT highly constant, we kept only HPRT amplification values for the
calculation of delta Ct: gene expression values are given relative to this housekeeping gene.
Primer sequences are provided in the following Table 1.

Table 1. Liver gene expression selected primer panel.

Primer Name Target Sequence
b-Act-F beta-Actin 5'-ccc geg agt aca acc ttc t-3/
b-Act-R beta-Actin 5'-cgt cat cca tgg cga act-3’
HPRT-F HPRT 5'-tag cac ctc ctc cgc cag-3’
HPRT-R HPRT 5'-cac taa tca cga cgc tgg ga-3/
FAS-F FAS 5'-ggc cac ctc agt cct gtt at-3
FAS-R FAS 5-agg gtc cag cta gag ggt aca-3/
rFABP1-F FABP1 5'-ctt ctc cgg caa gta cca ag-3’
rFABP1-R FABP1 5'-ttc cct tte tgg atg agg tc-3/
rLPL-1294-F LPL 5'-aca gtg gct gag aac a-3’
rLPL-1445-R LPL 5'-tct gac cag cta gga g-3'
PPARa-180-F PPAR alpha 5'-CACAGCGTGGTGCATTTGG-3
PPARa-412-R PPAR alpha 5'-GAGAGAGGACAGATGGGGCT-3/
SREBP1-F SREBP1 5'-gta cag cgt ggc tgg gaa c-3/
SREBP1-R SREBP1 5'-ggc tga geg ata cag ttc aa-3’

4.12. Liver Fatty Acid Composition

Liver fat was extracted starting with 200 mg frozen mortar-grounded material in
isopropanol-hexane (2:3 vol. with 0.01% BHT), followed by the addition of sodium sulfate
and shaking overnight. After centrifugation, the hexane phase was removed and kept, and
the rest was washed with isopropanol-hexane (7:2 vol., 0.01% BHT) by vortexing shortly and
centrifuging (2000 rpm for 5 min). The pooled hexane phase was dried under nitrogen gas
flow, and residual fat was weighed to determine the percentage of fat in liver tissue. Fatty
acids were released and derivatized using acetyl chloride in methanol [93]. The composition
of resulting fatty acid methyl esters (FAME) was analyzed by gas chromatography-mass
spectrometry (Trace GC 1310 with TSQ Duo, Thermo Fischer Scientific, Waltham, MA,
USA) using split injection (1:8) [94]. Briefly, FAME were separated on a 70% cyanopropyl
column (TR-FAME, 60 m x 0.25 mm x 0.25 um, Thermo Fischer Scientific, Waltham, MA,
USA) with helium carrier gas (1.2 mL/min) and the following temperature gradient: 50 °C
(83 min)/50 > 140 °C (15 °C/min)/140 > 220 °C (3 °C/min)/220 > 250 °C (15 °C/min).
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Individual FAME were identified and quantified using EI and SIM/Scan mode with time
windows and internal calibration (one quantifier, up to two qualifiers).

4.13. Statistical Analysis

All statistics were performed with GraphPad Prism (version 9.2.0 for Windows, Graph-
Pad Software, San Diego, CA, USA). A one-way or two-way analysis of variance (ANOVA)
was conducted to examine differences in binding between groups, with a significance level
set to o = 0.05. Post hoc tests were performed using Tukey’s honestly significant difference
(HSD) test where appropriate. Statistical analysis for plasma and feces metabolites and
correlations between feces, plasma metabolites, cytokines, microbiota, liver parameters
were additionally performed using MetaboAnalyst 5.0 online platform [95]. Correlation
testing between microbiota parameters, liver weight, fat content, and gene expression was
performed using the Spearman test, correcting for multiple testing with the Benjamini—
Hochberg test. Kruskal-Wallis test was used to identify differences between treatments for
alpha-diversity and liver parameters using an R package.
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Supplementary Figure S$1: Microbiota analysis. (a) a-diversity, the microbial community in
AdLib animals was less diverse than in the other groups (diversity as the observed number of

species, Shannon index and inverse Simpson). (b) B-diversity, principal coordinate analysis
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(PCoA) illustrating the separation of RYGB samples from the 2 other groups and showing the
changes in the microbiota composition after surgery (PCoA based on either the Jenson-
Shannon distance or the weighted UniFrac distance; each dot represents the whole gut
microbiota from each animal at feces collection time). (c¢) LefSe analysis indicates the
significant marker of each group represented in a phylogenetic cladogram. Pooled data was

used from feces collection at four and eight weeks post-surgery, and at the day of euthanasia.
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Supplementary Figure S2
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Supplementary Figure S2: Feces metabolomics four weeks after RYGB/sham surgery.
(a) Averaged heat map illustrating all the quantified feces metabolites with their relative
concentration increase (red) or decrease (blue). (b) Individual metabolite box plots. Decreased
3-hydroxyphenylpropionate (3-HPPA) and lysine in RYGB. Increased 4-aminobutyrate
(GABA), malonate, trimethylamine (TMA) and TMA N-oxide in RYGB. Statistical significance
based on one-way ANOVA with illustrated individual animal data points. (¢) Principal
component analysis (PCA) of feces samples 4 weeks after surgery. (d) Partial least squares
discriminant analysis (PLSDA) regression model illustrating the further group cluster
separation. 95% confidence regions are illustrated as clouds around the individual data points.
RYGB (n = 4) (one animal excluded due to technical limitation of poor spectra resolution) black
triangles, PF (n = 8) dark grey circles, AdLib (n = 6) light grey squares, p-values: *** < 0.001,
**<0.01, *<0.05.
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Supplementary Figure S3
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Supplementary Figure S3: Metabolite analysis of feces collected on the day of
euthanasia from the colon after RYGB/sham surgery. (a) Averaged heat map illustrating
all the quantified feces metabolites with their relative concentration increase (red) or decrease
(blue). (b) Individual metabolite box plots. Grey box — feces metabolite patterns since week 4.
Blue box — feces metabolite changes introduced at week 8. Red box — novel metabolite
changes in feces collected on the day of euthanasia: decreased acetate, formate and butyrate
in RYGB. Statistical significance based on one-way ANOVA with illustrated individual animal
metabolite concentration as points. (¢) Principal component analysis (PCA) of feces samples
4 weeks after surgery. (d) Partial least squares discriminant analysis (PLSDA) regression
model illustrating the further group cluster separation with the RYGB sample sparsity. 95%
confidence regions are illustrated as clouds around the individual data points. RYGB (n = 5)
black triangles, PF (n = 8) dark grey dots, AdLib (n = 6) light grey squares, p-values: **** <
0.0001, *** < 0.001, ** <0.01, * < 0.05.

97



Supplementary Figure S4
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Supplementary Figure S4: Feces microbiota and metabolomics correlation analysis.
Feces were collected directly from the colon on the day of euthanasia. 3-HPPA positively
correlated with the relative abundance of Turicibacter and Rombutsia. TMA positively
correlated with the relative abundance of Escherichia/Shigella and Parabacteroides.
Isoleucine positively correlated with the relative abundance of Prevotellaceae NK3B31 and
Enterococcus. Color scheme illustrates the correlation values scaled between -1 and 1. Red
color indicates a positive correlation, blue — negative correlation. Statistical significance of
these correlations illustrated as p-values: **** < 0.0001, *** < 0.001, ** < 0.01, * < 0.05.
Correlation analysis involves all three group (RYGB, PF and AdLib) feature values using

Pearson r distance measure for the correlation coefficient determination.
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Supplementary Figure S5
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Supplementary Figure S5: Plasma metabolomics. (a) Averaged group metabolite
concentration heat map illustrating all the quantified plasma metabolites with their relative
concentration increase (red) or decrease (blue). (b) Partial least squares discriminant analysis

(PLSDA) variable importance in projection (VIP) scores visualisation of most changing
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metabolites between the groups. (¢) Principal component analysis (PCA) of plasma samples.
(d) PLSDA regression model illustrating the further group cluster separation. 95% confidence
regions are illustrated as clouds around the individual data points. RYGB (n = 5), PF (n = 8),
AdLib (n = 6).
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Supplementary Figure S6: Cytokine profiling of rat plasma. (a) Quantification of Monocyte
Chemoattractant Protein-1 (MCP-1), Interleukin 6 (IL-6) and Interleukin 10 (IL-10), did not pass
ordinary one-way ANOVA statistical significance threshold; (b) Chemokine ligand 2 (CXCL2),
interleukin 1a (IL-1a), Interferon gamma (IFN-y) and Tumour Necrosis Factor (TNF) were
below the limit of detection (LOD). RYGB (n = 5) black triangles, PF (n = 8) dark grey dots,
AdLib (n = 7) light grey squares.
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Supplementary Figure S7: Hepatic lipid analysis. Mass concentrations (mg/g fat) of hepatic
lipid species upregulated in AdLib C14:0 (a), C15:0 (b), C16:1(9) (¢), C18:1(9) (d);
downregulated in AdLib C18:0 (e); C20:4(5,8,11,14) (f), C22:4(7,10,13,16) (g); downregulated
in RYGB C18:1(11) (h); upregulated in RYGB C22:5(4,7,10,13,16) (i), C24:1(15) (j);
downregulated in AdLib and slightly downregulated in PF C24:0 (k); upregulated in PF C17:0
(); downregulated in RYGB C18:1(11) (m) compared to the other two groups. One-way
ANOVA statistical significance test, RYGB (n = 5) black triangles, PF (n = 8) dark grey dots,
AdLib (n = 7) light grey squares, p-values: **** < 0.0001, *** < 0.001, ** < 0.01, * < 0.05. (n)
Correlations between the total energy intake (kcal/d) versus liver C24:0 (mg/g fat) (p=5.10-4;
rho = -0.72) and (o) liver MUFA (mg/g fat) (p=0.0029; rho = 0.64); (p) correlation between the
energy consumed as liquid (% total) versus relative expression of liver FAS (p= 0.0038; rho =
0.62). RYGB - red, PF - blue, AdLib - green.
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Supplementary figure S8
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Supplementary Figure S8: Correlation maps of metabolites, immune, hormonal and
liver parameters. (a) Sham vs. RYGB comparison significantly differing parameters,
C22:5(4,7,10,13,16) (docosapentaenoic acid (osbond acid), PUFA, omega-6), C24:1(15)
(nervonic acid, MUFA), (b) parameters similar between PF and RYGB (reduced food intake)
compared to AdLib, C22:4(7,10,13,16) (docosatetraenoic acid, PUFA, omega-6), C16:1(9)
(palmitoleic acid, MUFA), C14:0 (myristic acid, SFA), C15:0 (pentadecylic acid, SFA),
C16:1(9) (palmitoleic acid, MUFA), p-values: **** < 0.0001, *** < 0.001, ** < 0.01, * < 0.05.
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Supplementary Tables

Bregma -1.80
PVH Middle

Right
CeC

Left

Right
DeN

Left

Right
BLA

Left
layer 2 of Right
cortex Left

RYGB

3.00+1.66
7.33+2.63
10.87+4.60
2.07£1.18
1.20£0.45

1.27+1.32

0.87+0.60

2.00+1.97
2.33+2.25

PF
8.43+ 4.55
2.80£1.01
4.271.10
0.93:0.43
0.830.40

1.67+1.26

4.40+3.68

14.87+11.63
11.9349.01

AdLib

5.50+2.88
3.40+1.68
5.47+3.81
2.53+1.28
6.07+2.34
3.60 £

p-value

0.44
0.16
0.32
0.48
0.02*

0.44

1.82
2.87

0.57

+2.45
7.30£3.74
9.7316.02

0.39
0.48

Supplementary Table ST1: Average number of c-Fos labelled cells in different brain

areas after eight weeks of high sucrose diet in rats Average numbers were analyzed by

counting cells on 3 distinct slices (60 pym thick) for every region. Data were analyzed by
ANOVA test followed by a Tukey’s post hoc test (p <0.05). Data are means + SEM (n = 5).

PVH — paraventricular hypothalamic nucleus; CeC — central amygdala; DeN - dorsal

endopiriform nucleus; BLA — basolateral amygdaloid nucleus, anterior.
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Bregma -1.80
PVH Middle

Right
CeC

Left

Right
DeN

Left

Right
BLA 9

Left
layer 2 of Right
cortex Left

RYGB

33.73+13.61
41.20+9.36
39.60+7.69
123.40+£23.86
122.87+25.44
161.80£21.55
184.27£14.95
338.67+27.05
318.53+17.72

PF

55.27+ 22.14
33.53+£13.12
51.20+14.34
124.53+24.11
159.30£7.05
172.33+52.96
179.93+41.91
314.77+38.82
372.63+30.71

AdLib

35.07£10.10
41.87+14.44
43.53+21.57
91.93£19.55
132.67+32.02
148.47+37.41
182.80+£32.78
339.20+37.31
263.13+59.22

p-value
0.51
0.84
0.84
0.26
0.48
0.89
0.99
0.82
0.14



Supplementary Table ST2: Average number of NeuN labeled cells in different brain
areas after eight weeks of high sucrose diet in rats. Average numbers were analyzed by
counting cells on 3 distinct slices (60 um thick) for every region. Data were analyzed by
ANOVA test followed by a Tukey’s post hoc test if significant (*P<0.05; n.s., non-significant).
Data are means + SEM (n = 5). PVH — paraventricular hypothalamic nucleus; CeC - central

amygdala; DeN — dorsal endopiriform nucleus; BLA — basolateral amygdaloid nucleus,

anterior.
Bregma -1.80 Pair-fed Ad-libitum RYGB p-value
PVH Middle 4.47+2.74 2.93+1.78  2.10%£1.25 0.65
CeC Right 0.87+0.62 213+1.07  2.9310.88 0.21
Left 1.67+0.54 2.80+1.92  4.7312.48 0.43
Right 0.931£0.43 1.13+0.83  0.73%0.38 0.86
DeN
Left 0.60+0.36 3.87+2.05  0.40+0.30 0.08
Right 1.60 +£1.24 2.80+1.97  0.0840.08 0.31
BLA
Left 3.87+£3.12 2.73+2.31 0.40£0.45 0.49
Right 14.60+£11.57 4.33+3.48  2.00+1.97 0.36
layer 2 of cortex
Left 11.6048.73 7.1346.38  2.27+2.27 0.53

Supplementary Table ST3: Average number of co-localized cells (labeled by both c-Fos
and NeuN) in different brain areas after eight weeks of high sucrose diet in rats. Average
numbers were analyzed by counting cells on 3 distinct slices (60 um thick) for every region.
Data were analyzed by ANOVA test followed by a Tukey’s post hoc test. Data are means +
SEM (n = 5). PVH — paraventricular hypothalamic nucleus; CeC — central amygdala; DeN —

dorsal endopiriform nucleus; BLA — basolateral amygdaloid nucleus, anterior.
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4. Discussion

NMR spectroscopy-based metabolomics provides highly reproducible and quantitative
information about the composition and status of a sample-specific metabolome at a
specific point in time ex vivo, which can be relevant for elucidation and validations of
in vivo imaging readout. Here, two application examples of inflammation and immuno-
metabolism investigations by "H-NMR in the acute and chronic DTHR mouse model
154 and neuro-metabolism characterization in the RYGB surgery rat model '%° (Table
1) illustrate the use of such data to characterize in detail molecular events on the
cellular level to be further lined with existing imaging modalities. These findings have
a broad application potential towards not only metabolic imaging data correlation and
elucidation but also novel diagnostic or therapeutic target discovery, as pathways and
interactions identified are important markers for health maintenance or the course of

a disease progression.

Table 1: Metabolomics overview of significant metabolite concentration changes and
pathway alterations. (a) RYGB surgery feces (F) and plasma (P) metabolomics (blue) and
(b) acute and chronic DTHR ear tissue (T) metabolomics (purple) studies, classified in super-
pathways and sub-pathways. Only metabolites that had significant concentration changes are
shown. Metabolites that are part of more than one metabolic pathway in this table have a grey

cell background. Metabolites that overlap in both studies are colored green.

Metabolites
Super- uantified b Roux-en-Y Acute and
patr?way Sub-pathway 9 NMR y gastric bypass chronic DTHR
(p<0.05) (@) (b)
taurine & hypotaurine taurine T
alanine, aspartate and IGtABAt F T
glutamate | glutamate

NAA T
betaine P T
. . . serine P T
glycine, serine, threonine glycine = T

creatine P
) , lysine lysine F T
Amino acid . . tyrosine P T

phenylalanine & tyrosine 3-HPPA E
urea cycle, arginine, prc?h.ne $

roline arginine

P creatine P T

. L . isoleucine P

valine, Ieugg:a\lsoleucme leucine P
( ) valine P T
B-alanine B-alanine T
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glutathione T
glutathione GSSG T
malonate F
pyrimidine 5-oxoproline T
glucose T
Carbo-hydrate glycolysis, glpconeo- acetate T
genesis pyruvate T
lactate T
glycerolipid GPC F T
O-phospho-
Glycerol-phospholipid ethanolamin T
Lipid e
inositol myo-inositol T
ketone bodies 3;)hydroxy- P T
utyrate
citrate T
Energy TCA cycle succinate T
fumarate T
OXPHOS NAD* T
ascorbate and aldarate ascorbate T
Co-factors and L L propionate F
vitamins hicotinate a_gd nicotin- valerate F
amide NAD* T
methane TMAQ F
TMA F
Adeizne: methionine cycle betaine P T
genesis -
Trans-sulfuration pathway serm_e P
glutathione T

4.1. Redox metabolism

NMR metabolomics of acute and chronic delayed-type hypersensitivity reaction
(DTHR) challenged ear tissue revealed a distinctive immunometabolism of reactive
oxygen and nitrogen species (RONS)-related metabolites (Table 1, a). Indeed, acute
DTHR is characterized by neutrophil recruitment at the site of inflammation. These
immune cells arrive via the bloodstream and they are responsible for RONS
production. Tissue and blood vessel swelling are characteristic of both acute and
chronic DTHR to accommodate immune cell infiltration and a molecular influx of
substrates to the inflammation site. During acute DTHR, we identified glutathione and
glutathione disulfide (GSSG, oxidized form) concentration changes, indicating altered
RONS scavenging. Similarly, taurine consumption further indicated RONS activity and

scavenging during the acute inflammatory phase 14,

Further increase in macrophages and T cells, as confirmed by immunohistochemistry,
is one of many systemic adaptations characterizing chronic DTHR. Chronic

inflammation leads to further angiogenesis, increased fibrosis, higher vascularization

107



and therefore more connective tissue and further increased tissue swelling. While
during acute DTHR, the liver could sufficiently produce the necessary glutathione for
RONS scavenging, chronic DTHR possesses additional challenges, such as a lack of
important substrates, arising from the prolonged inflammatory response. Thus, during
chronic DTHR, additional RONS scavenging support was provided via increased
ascorbate synthesis (Table 1, a), an important radical scavenger. Of note, while mice
can produce ascorbate (vitamin C), humans cannot produce it and need to solely

obtain it as vitamin C via nutrition 196-157,

We quantified both increased ascorbate and taurine concentrations during chronic
DTHR at the 5™ ear tissue challenge (48 h post 4" TNCB challenge), which were
significantly reduced 4 hours after the 5" ear tissue challenge, during the peak of
chronic DTHR (Table 1, a). Increased metabolite concentrations prior to the
inflammatory peak indicated metabolomic adaptations on the systemic level as

preparations for an upcoming challenge, specific to chronic inflammatory response %4,

One of the reasons for the observed alterations in redox metabolism between acute
and chronic DTHR is the availability of different metabolic substrates. Glutathione is a
tripeptide, produced from three amino acids — glutamate, glycine and cysteine — in the
presence of ATP. Glutathione production is a high-energy and substrate-demanding
process involving cysteine and methionine cycles and transsulfuration pathway %8,
Indeed, we observed the consumption of several amino acid substrates — serine,
glycine, pyroglutamate (5-oxoproline), arginine, and proline — during acute DTHR,
which were continuously low during the chronic phase. As the inflammation
progression leads to a dramatic depletion of substrates, we conclude that RONS
scavengers which are demanding less substrate, such as ascorbate and taurine, are
further systemically favored during chronic DTHR. Characterization of RONS activity
and understanding metabolic adaptations of RONS scavenging is also important for
investigations of tumor microenvironment function, adaptions and the development of
effective tumor therapies '°, providing a highly translational value of the dynamic

inflammation progression dataset.

4.2. Energy metabolism

Many metabolites are involved in not only one but several metabolic pathways. This is

especially the case within energy metabolism. For instance, previously described
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amino acids serve as substrates for redox scavenger synthesis, however, some of
them are also involved in general energy maintenance metabolic pathways
(anaplerotic substrates for the TCA cycle). Redox pathways are highly energy
consuming and therefore strictly dependent on ATP and NADPH generation by

glycolysis and TCA cycle.

Our first investigated point in time during acute DTHR was 4 h post 15t tissue challenge
(Table 1, a). Here, succinate accumulation was the most significant characteristic
event indicating macrophage polarization-related disruption of regular TCA cycle
function 154160 Consequently, during the acute inflammation peak 92 161, 24 h post 15t
trinitrochlorobenzene (TNCB) ear challenge, the hypothesis of a disrupted TCA cycle
function is supported by the accumulation of the TCA cycle metabolites citrate and
fumarate. Citrate accumulation has been linked to increased activity of the pentose
phosphate pathway, responsible for nucleotide and NADPH production during high

exposure to oxidative stress 160,

Pyruvate and lactate concentrations were also increased during acute DTHR, together
with high glucose, confirming the loss of full TCA function while glycolysis is actively
functioning. Furthermore, glucose, fumarate and glutamate concentrations were the
most increased during chronic DTHR peak 4 h post-TNCB challenge, indicating a
particular challenge of consuming these substrates when the inflammatory response

is at its highest.

A disruption of the TCA cycle does not necessarily result in a complete cycle
shutdown. Anaplerotic substrates, such as glutamate or branched chain amino acids,
are able to feed the partially-functioning TCA cycle, e.g. as previously described as
the mini-TCA cycle in neuronal tissue 162, to carry out the necessary activity to maintain
a continuous electron transport chain and OXPHOS in order to provide enough ATP

energy for cell survival, proliferation and RONS scavenging ?’.

We also investigated energy metabolism in the context of liver perfusion and
transplantation in a preclinical rat model, where it is particularly important to sustain
effective organ function during the ex vivo phase prior to transplantation
(Supplementary Table 1, d). Similar to the DTHR inflammation study, here the TCA
cycle disruption was characterized by accumulation of succinate in perfused liver

tissue, while lactate, pyruvate and also succinate concentrations were increased in the
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bile post-perfusion. We also quantified a reduction of glutamate in bile, as it could have

been consumed as an alternative energy substrate 164,

Concerning the mini-TCA cycle function, an accumulation of N-acetylaspartate (NAA)
is expected as the end product of this cycle 2. During chronic DTHR, NAA
concentration was significantly increased in the ear tissue compared to the naive ears
and acute DTHR, indicating the cellular adaptations of chronic inflammation to
continue oxidative phosphorylation despite disrupted TCA %4, NAA in vivo is mainly
considered a healthy tissue metabolite while its excretion indicates brain tissue
damage. In a neuropediatric study investigating metachromatic leukodystrophy (MLD)
patient urine metabolomics (Supplementary Table 1, e), increased levels of NAA were
quantified in the early-onset MLD patient urine as one of the potential
neurodegeneration markers 62. In a follow-up project, urine NAA in specific patient
cases with progressive MLD condition were significantly negatively correlated with
clinical MRI brain NAA %5 demonstrating a direct inverse relation between brain and
urine NAA. Such knowledge provides new perspectives for frequent biomonitoring of
MLD patients e.g. during therapy, as NMR urine metabolomics is a high-throughput
technique and different to MR scanners also less incriminatory to the pediatric
patients. Furthermore, some literature also suggest a role of NAA outside the brain 66,
which is in line with our observation of NAA accumulation in the chronically inflamed

ear tissues.

4.3. Membrane lipid synthesis and breakdown pathways

Another crucial aspect of metabolism that can be investigated by NMR spectroscopy-
based metabolomics is the ethanolamine, inositol and choline-related cell membrane
lipid homeostasis. We identified the acute DTHR peak at 24 h post 15t TNCB challenge
and marked this with a high increase in glycerophosphocholine (GPC) and choline
concentrations and significantly lowered myo-inositol concentrations (Table 1, a).
While GPC and choline were restored in the chronic phase to baseline, myo-inositol
was continuously reduced throughout chronic DTHR. Moreover, chronic DTHR was
characterized by increased O-phosphoethanolamine concentrations compared to
naive baseline and acute DTHR 54, Here, we could observe a switch in the Kennedy
pathway involving the synthesis and breakdown of membrane lipids. Esmaeili, M. et

al., in 2014 underlined that choline — ethanolamine pathway alterations are important
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markers for rapidly growing and expanding cell environments, similar in the case with
tumors 4°. Further, O-phosphoethanolamine accumulation has been also reported
together with a lowered inflammatory response and mitochondrial respiration in an M1
macrophage study %, highlighting the metabolic connectivity and far-reaching effects

of RONS activity and inflammation.

4.4. Identical metabolites but different conditions

Of note, several metabolic pathways are altered and play a role in different disease
conditions, e.g. altered glucose metabolism is characteristic both for diabetes and also
cancer. In our research, alterations in membrane lipid buildup and degradation have
been described for inflammatory progression and a switch between acute and chronic
DTHR has been observed (Table 1, a). However, significant changes in membrane
lipid-related metabolite activity have been also characterized in the second thesis
project focusing on the RYGB surgery outcome and impact on the metabolomic
readout (Table 1, b).

Herein, GPC and choline were highly concentrated in the animal feces compared to
pair-fed and ad libitum-fed animal feces of RYGB surgery animals '%5. Feces as a
matrix for metabolomics investigations is tightly connected to the activity of the gut
microbiome. Hence, we could speculate that the reason for the accumulation of these
two specific metabolites in the case of RYGB surgery animals is due to the alterations
in the abundance of specific microbiota species and the consecutive animal lack of

absorption of nutrients 167 as a consequence of the surgery.

4.5. Ketone bodies and metabolomics

Both metabolomics studies — acute and chronic DTHR and RYGB surgery — displayed
energy metabolism adaptations as well as an increase in ketone bodies (Table 1, a —
b). 3-Hydroxybutyrate is normally produced in the liver as a result of lipolysis triggered
by empty glycogen stocks. Acute DTHR showed increased 3-hydroxybutyrate
concentrations in the TNCB-challenged ear tissue, potentially as a result of a lack of
glucose. Hence 3-hydroxybutyrate production indicates a switch to an alternative
energy production pathway when there is a lack of carbohydrate sources to maintain

glycolysis 168,
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In the context of RYGB surgery, we quantified increased plasma 3-hydroxybutyrate
concentration, a marker for fasting and low glycogen stocks, as it is an energy source
for acetyl-CoA production and beta-oxidation in case of glucose depletion °. 3-
hydroxybutyrate is a product of liver lipolysis and hence upregulated lipolysis can lead
to weight loss, together with low nutrient absorption, which has been also reported in

clinical bypass surgery patients 17°.

Glucose deprivation-related ketogenesis and upregulated fatty acid metabolism is
commonly observed in highly catabolic and anabolic active tissues and biofluids. This
fits in line with liver perfusion effect investigatory work, where significantly increased
3-hydroxybutyrate concentrations were shown in perfused livers compared to native
tissues (Supplementary Table 1, d) '%4. Moreover, MLD patient urine metabolomics
revealed increased ketone bodies, including 3-hydroxybutyrate and acetone as a
result of impaired liver and renal function during the early onset of the disease

(Supplementary Table 1, e) 164

Together, 3-hydroxybutyrate demonstrates how one specific metabolite can hint
towards a specific pathway activity in different diseases and conditions, including
alterations of energy metabolism in the liver or inflamed tissue, and serve as a marker
in circulating bloodstream and even excreted in the urine. A wide range of neurological
health benefits of 3-hydroxybutyrate has been discussed in the literature, focusing on
the preservation of tissue during inflammation, defense during insulin-induced

hypoglycemia, and the beneficial effects of a ketogenic diet 1.

4.6. One-carbon metabolism: folate and methionine cycle

Besides the maintenance of redox defense, one-carbon metabolism is crucial for many
physiological activities, including amino acid homeostasis and purine biosynthesis. It
is also a commonly used pathway by developmental cells and therefore often
dysregulated and hijacked during tumor progression '72. Glycine, serine and threonine
metabolism is a crucial part of the one-carbon metabolism, providing valuable amino

acid substrates.

Plasma serine and glycine concentrations in RYGB surgery animals were increased
compared to pair-fed and ad libitum-fed animal groups (Table 1, b). Of note, reduction
of serine and glycine pools have been reported in obese and type-2 diabetes patients

173, Therefore, increased pools of circulating amino acids point towards a beneficial
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surgery outcome. Alterations in amino acid concentrations have been also linked to
tumor ability to employ and dysregulate one-carbon metabolism in its benefit to sustain
the malignant proliferation and activity via oncogenic signaling '"4.In particular, serine
and glycine concentrations have been shown to decrease in IDH-1 mutated gliomas,
compared to wildtype gliomas (Supplementary Table 1, c¢) 9°, indicating specific

mutation capability to dysregulate amino acid usage and general availability.

4.7. Gut microbiota, dysbiosis and metabolomics

Radical alterations in microbiota abundances of RYGB surgery animals lead to an
altered microbiota-related metabolite production. Together with glycine, an increase of
branched-chain amino acids (BCAA) valine, leucine and isoleucine in the circulating
blood plasma are considered negative markers for some diseases, such as insulin
resistance and diabetes '5°. Hence our observation of BCAA reduction in RYGB
surgery animals compared to control groups (Table 1, b), also observed in a clinical
setting '7°, can be seen as a positive surgery outcome. BCAA are not only an energy
substrate but also important structural building blocks of proteins 76 and involved in
molecular signaling pathways 7. As BCAA are produced and degraded by the gut
microbiota, characterization of host-microbiome interactions is of great interest for

novel therapeutic targets that could be altered via diet '44.

Host-microbiome interactions and gut microbiota-related alterations in metabolism are
involved in the progression of several other neurological diseases, such as
Parkinson’s disease %179 and Alzheimer’'s disease '8%-'81 For example, several
adverse molecular events arise from the lack of Parkinson’s disease-related protein 7
(protein deglycase DJ-1) (Supplementary table 1, f) 5. DJ-1 knockout results in an
altered microbiome and significantly reduced valine, leucine and isoleucine (BCAA)
concentrations both in animal plasma and feces. Lowered BCAA levels hence point
towards microbiota alterations that lead to neurodegenerative effects and
dysfunctional gastrointestinal processes '2. In fact, BCAA supplementation has been
suggested for neurodegenerative disease patients '3, however, the long-term efficacy
and true therapeutic effects of such supplementation are yet to be investigated.

Moreover, the gut microbiota has an influence on metabolic readout beyond BCAA.

Further, we quantified increased 3-(3-hydroxyphenyl) propionate (3-HPPA) and GABA

in RYGB surgery animal feces as two potential gut microbiota-related neurological
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activators post-RYGB surgery (Table 1, b). 3-HPPA has been previously reported as
a potential competitive inhibitor in dopamine synthesis pathway 5! and to have an
inhibitory effect on atherosclerosis progression '84. Meanwhile, increased GABA
concentrations indicate potentially increased gut-brain signaling via GABAergic '8° and

enteric nervous systems 86,

Finally, microbiota-originating fecal trimethylamine (TMA) and TMA N-oxide (TMAO)
increase in RYGB animal feces indicated rapid choline and carnitine degradation
(Table 1, b). TMAO has been previously linked to endothelial inflammation and
cardiovascular risk '8, and, therefore, could be seen as a negative outcome of the
RYGB surgery. TMA has been also reported to increase in Parkinson’s disease DJ-1
gene knockout mice plasma (Supplementary table 1, f) ®' and MLD patient urine as a
sign of disease-related leaky gut (Supplementary table 1, e) 62. TMA concentration
change examples in different studies illustrate how a specific gut microbiota-originated
metabolite can lead to systemic effects and be transferred from the gut to other

biofluids and tissues.

4.8. Conclusions and outlook

The novelty of this doctoral thesis includes aspects of both the analytical setup and
scientific output levels. NMR spectroscopy-based metabolomics was employed with
an ultra-sensitive 1.7 mm probe that requires generally less sample material compared
to conventional approaches. This allows us to characterize different preclinical and
limited clinical-origin specimens which were not amenable to NMR before. Therefore,
comprehensive metabolite datasets were obtained and analyzed in two example
studies, that have been previously identified as of high relevance for preclinical
metabolic imaging. A broad insight was provided into different metabolic pathways
depending on the sample matrix and disease condition.

In the DTHR model study for inflammation progression, unique metabolic events were
characterized for specific points in time in accordance with imaging data of acute and
chronic inflammatory peaks. For the first time, we present DTHR metabolic alterations
on the longitudinal scale which helps to understand the complex dynamics of
metabolism and immune-cell infiltration. The most important findings include oxidative
stress-related metabolic events leading to a switch between glutathione as the

preferred scavenger substrate during the acute phase, while taurine and ascorbate

114



activity was characteristic during chronic DTHR. Some metabolites, including
tryptophan, hypotaurine, ATP followed taurine metabolic pattern of increased
concentrations prior to the chronic DTHR peak. The identified metabolites could be of
future interest as targets for diagnostic radiotracer development, as well as
interventional drug discovery. Furthermore, existing large imaging data sets of
previous DTHR cohorts could be used for extended metabolite activity mapping.
Finally, as immune cells obtain their metabolic substrates directly from the
bloodstream, future investigations could try to assess the impact of the blood serum

metabolome upon the different stages of acute and chronic inflammation.

In the RYGB surgery study, the gut-brain axis communication was hypothesized to be
triggered by a successful surgery outcome. While surgery provokes adverse systemic
long-term effects, there is a need to further investigate possibilities of therapeutic
development that could mimic the surgery effect, but allow avoiding the invasive
procedure. We found increased concentrations of the gut-produced metabolites GABA
and 3-HPPA. Altered brain neuronal activity in the hypothalamus and midbrain regions
was identified by metabolically-active tissue tracer uptake imaging of ['®FJFDG-PET.
As these brain areas are reported to be GABAergic cell-rich, our preliminary results
point towards promising metabolomically-quantifiable substrates which should be
further explored in detail to fully elucidate their role and mode of action. Especially the
investigation of how a manipulated gut microbiome which lacks GABA-producing

microbiota, affects the surgery outcome, remains to be elucidated.

Overall, this thesis project demonstrates high-resolution NNR spectroscopy
metabolomics ability to generate additional layers of metabolic information from
different specimens. This can help to better interpret low-resolution imaging data and
opens new perspectives towards diagnostics, therapeutics and mechanistic

investigations in preclinical research and its translation to humans.
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7. Appendix

Supplementary Table 1: Common metabolites and pathways in different metabolomics
studies. (a) RYGB surgery feces (F) and plasma (P) metabolomics (blue) and (b) acute and
chronic DTHR ear tissue (T) metabolomics (purple) studies, classified in super-pathways and
sub-pathways. Only metabolites that had significant concentration changes are shown.
Metabolites that are important for the main two studies are illustrated in bold. Metabolites that
are part of more than one metabolic pathway in this table have a grey cell background.
Metabolites that overlap in both studies are colored green. Further collaborative studies that
showed some of the metabolite changes are illustrated in the following columns: (c¢) human
glioma tissue (T) biopsy study '8, (d) preclinical liver tissue (T) and perfusion (PF) viability
study ', (e) metachromatic leukodystrophy (MLD) patient urine (U) metabolomics 2, (f) DJ-1
gene KO mouse serum (S) and feces (F) *', and (g) PINK1 gene knockout (KO) cell culture
(C) study *2.

Roux- Acute Glioma Liver | MLD | DJ-1 | PINK1
Super- Metapplites en-Y and perfu- KO KO
Sub-pathway quantified by gastric | chronic sate
pathway NMR (p<0.05) | bypass | DTHR
(a) (b) (c) d | (e) | (P (9)
taurine & taurine T T
hypotaurine hypotaurine T
alanine T F/S
alanine, aspartate C
aspartate glutamine C
and GABA F
glutamate glutamate T T
NAA T U
betaine P T
. serine P T T
glycine, glycine P T Cc
serne, threonine
threonine creatine P T T
sarcosine PF
. lysine lysine F T
NI phenyl- phenyl-alanine T FIS| C
el alanine & tyrosine P T S| C
tyrosine 3-HPPA F F
tryptophan tryptophan S
proline T
urea_c_ycle, arginine T
arginine, creatine P T T T
proline -
sarcosine T PF
valine, isoleucine P T F/S C
leucine, leucine P T F/S
'S(‘ggﬂ;e valine P T T F/S
B-alanine p-alanine T
glutathione T T
glutathione GSSG T T C
5-oxoproline T
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formate
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O-phospho-
choline
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Lipid phospholipid O-phospho-
ethanolamine
inositol myo-inositol
eone | SO0 L P T
bodies acetone u
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TCA cycle succinate T
Energy fumarate T
NAD* T
OXPHOS ATP
ascorbate ascorbate T
and aldarate
Co- propionate F
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and and nicotin- nicotinamide
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Tissue metabolites in diffuse glioma
and their modulations by IDHT mutation,
histology, and treatment
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Krebs Forschungszentrum partner site Tiibingen, Tiibingen, Germany.

The discovery of the oncometabolite 2-hydroxyglutarate in isocitrate dehydrogenase 1-mutated
(IDH1-mutated) tumor entities affirmed the role of metabolism in cancer. However, large
databases with tissue metabolites that are modulated by IDHT mutation remain an area of
development. Here, we present an unprecedented and valuable resource for tissue metabolites

in diffuse glioma and their modulations by IDHT mutation, histology, and tumor treatments

in 101 tissue samples from 73 diffuse glioma patients (24 astrocytoma, 17 oligodendroglioma,

32 glioblastoma), investigated by NMR-based metabolomics and supported by RNA-Seq. We
discovered comparison-specific metabolites and pathways modulated by IDH1 (IDH1 mutation
status cohort) and tumor entity. The Longitudinal investigation cohort provides metabolic profiles
of untreated and corresponding treated glioma samples at first progression. Most interestingly,
univariate and multivariate cox regressions and Kaplan-Meier analyses revealed that tissue
metabolites correlate with progression-free and overall survival. Thus, this study introduces
potentially novel candidate prognostic and surrogate metabolite biomarkers for future prospective
clinical studies, aiming at further refining patient stratification in diffuse glioma. Furthermore, our
data will facilitate the generation of so-far-unanticipated hypotheses for experimental studies to
advance our molecular understanding of glioma biology.

Introduction
Mutations in isocitrate dehydrogenase 1 (IDHI) or IDH?2 are frequent in several cancer entities, includ-
ing diffuse glioma (1-3). They lead to mutated enzymes with neomorphic activity, producing the
oncometabolite 2-hydroxyglutarate (2-HG), which modulates cellular epigenetic programs, differen-
tiation patterns, and metabolic profiles (4-6). Recent clinical trials in diffuse glioma have used the
IDHI mutation (IDHI-mut) as a therapeutic target (7, 8). However, the therapeutic efficacy of these
therapeutic approaches might critically depend on understanding metabolic alterations that occur in
the context of IDHI mutations. For example, 2-HG shapes the tumor immune microenvironment by
suppressing T cell activity in glioma (9). Furthermore, the nucleotide synthesis utilization and DNA
repair capacity is different in /DHI-mut and IDHI-W'T glioma (10). These observations indicate that
IDHI-mut glioma exhibit distinct therapeutic challenges and mechanisms for resistance to therapy.
Altered metabolism is a major hallmark of cancer, with the potential to promote tumor growth and
acquired resistance to therapy (11). Glioma cells display abnormal energy metabolism, including alter-
ations of glucose, amino acid, and fatty acid metabolism (12). Altered metabolic pathways including cho-
line, taurine, hypotaurine, or glutamate/glutamine correlate with different WHO grades in diffuse glioma
(13). Noninvasive detection of glutamate by magnetic resonance spectroscopy can serve as a metabolic
imaging biomarker of response to temozolomide treatment in /DH/-mut glioma (14).
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DJ-1 (Park7) affects the gut
microbiome, metabolites

and the development of innate
lymphoid cells (ILCs)

Yogesh Singh®%%*%, Christoph Trautwein?, Achal Dhariwal?, Madhuri S. Salker©®*,
Md Alauddin®, Laimdota Zizmare®?, Lisann Pelzl>¢, Martina Feger’, Jakob Admard?,
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The proper communication between gut and brain is pivotal for the maintenance of health and,
dysregulation of the gut-brain axis can lead to several clinical disorders. In Parkinson’s disease

(PD) 85% of all patients experienced constipation many years before showing any signs of motor
phenotypes. For differential diagnosis and preventive treatment, there is an urgent need for the
identification of biomarkers indicating early disease stages long before the disease phenotype
manifests. DJ-1 is a chaperone protein involved in the protection against PD and genetic mutations

in this protein have been shown to cause familial PD. However, how the deficiency of DJ-1 influences
the risk of PD remains incompletely understood. In the present study, we provide evidence that DJ-1
is implicated in shaping the gut microbiome including; their metabolite production, inflammation

and innate immune cells (ILCs) development. We revealed that deficiency of DJ-1 leads to a significant
increase in two specific genera/species, namely Alistipes and Rikenella. In DJ-1 knock-out (DJ-17")

mice the production of fecal calprotectin and MCP-1 inflammatory proteins were elevated. Fecal and
serum metabolic profile showed that malonate which influences the immune system was significantly
more abundant in DJ-17~ mice. DJ-1 appeared also to be involved in ILCs development. Further,
inflammatory genes related to PD were augmented in the midbrain of DJ-17~ mice. Our data suggest
that metabolites and inflammation produced in the gut could be used as biomarkers for PD detection.
Perhaps, these metabolites and inflammatory mediators could be involved in triggering inflammation
resulting in PD pathology.

Parkinson’s disease (PD) is the most common movement disorder and the second most prevalent neurode-
generative disease in humans'. Clinically, PD patients suffer from resting tremor, rigidity, bradykinesia and
altered gait'. PD is an incurable neurodegenerative disease distinguished by the loss of neurons predominantly
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Abstract: Machine perfusion (MP) allows the maintenance of liver cells in a metabolically active
state ex vivo and can potentially revert metabolic perturbations caused by donor warm ischemia,
procurement, and static cold storage (SCS). The present preclinical research investigated the metabolic
outcome of the MP procedure by analyzing rat liver tissue, bile, and perfusate samples by means of
high-field (600 MHz) nuclear magnetic resonance (NMR) spectroscopy. An established rat model of
normothermic MP (NMP) was used. Experiments were carried out with the addition of an oxygen
carrier (OxC) to the perfusion fluid (OxC-NMP, n = 5) or without (h-NMP, n = 5). Bile and perfusate
samples were collected throughout the procedure, while biopsies were only taken at the end of NMP.
Two additional groups were: (1) Native, in which tissue or bile specimens were collected from rats
in resting conditions; and (2) SCS, in which biopsies were taken from cold-stored livers. Generally,
NMP groups showed a distinctive metabolomic signature in all the analyzed biological matrices.
In particular, many of the differentially expressed metabolites were involved in mitochondrial
biochemical pathways. Succinate, acetate, 3-hydroxybutyrate, creatine, and O-phosphocholine were
deeply modulated in ex vivo perfused livers compared to both the Native and SCS groups. These
novel results demonstrate a broad modulation of mitochondrial metabolism during NMP that exceeds
energy production and redox balance maintenance.

Keywords: nuclear magnetic resonance (NMR) spectroscopy; liver machine perfusion (MP); ischemia/
reperfusion (IR); mitochondrial metabolism; tricarboxylic acid (TCA) cycle; preclinical research;
ketogenesis; succinate; 3-hydroxybutyrate; O-phosphocholine

1. Introduction

The introduction of machine perfusion (MP) significantly changed the clinical sce-
nario of liver transplantation by enabling prolonged ex situ preservation, evaluation, and
reconditioning of grafts previously deemed unsuitable [1,2]. In fact, relative to static cold
storage (SCS), ex vivo perfusion allows a paradigm shift from functional suppression to
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Acidic ascites inhibits ovarian et

cancer cell proliferation and correlates
with the metabolomic, lipidomic

and inflammatory phenotype of human
patients
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Laimdota Zizmare?®, Aditi Kulkarni?, Yogesh Singh*?, Frank J. Weinreich', Stefan Kommoss®,
Marc A. Reymond ' and Christoph Trautwein®’

Abstract

Background: The poor prognosis of ovarian cancer patients is strongly related to peritoneal metastasis with the
production of malignant ascites. However, it remains largely unclear how ascites in the peritoneal cavity influences
tumor metabolism and recurrence. This study is an explorative approach aimed at for a deeper molecular and
physical-chemical characterization of malignant ascites and to investigate their effect on in vitro ovarian cancer cell
proliferation.

Methods: This study included 10 malignant ascites specimens from patients undergoing ovarian cancer resec-

tion. Ascites samples were deeply phenotyped by "H-NMR based metabolomics, blood-gas analyzer based gas flow
analysis and flow cytomertry based a 13-plex cytokine panel. Characteristics of tumor cells were investigated in a 3D
spheroid model by SEM and metabolic activity, adhesion, anti-apoptosis, migratory ability evaluated by MTT assay,
adhesion assay, flowcytometry and scratch assay. The effect of different pH values was assessed by adding 10% malig-
nant ascites to the test samples.

Results: The overall extracellular (peritoneal) environment was alkaline, with pH of ascites at stage II-lll=7.51+0.16,
and stage IV=7.78 £ 0.16. Ovarian cancer spheroids grew rapidly in a slightly alkaline environment. Decreasing pH of
the cell culture medium suppressed tumor features, metabolic activity, adhesion, anti-apoptosis, and migratory ability.
However, 10% ascites could prevent tumor cells from being affected by acidic pH. Metabolomics analysis identi-

fied stage IV patients had significantly higher concentrations of alanine, isoleucine, phenylalanine, and glutamine
than stage II-lll patients, while stage II-lll patients had significantly higher concentrations of 3-hydroxybutyrate. pH
was positively correlated with acetate, and acetate positively correlated with lipid compounds. IL-8 was positively
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Identification of neurodegeneration indicators and disease
progression in metachromatic leukodystrophy using
quantitative NMR-based urinary metabolomics
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Pediatrics, University of Tuebingen, Metachromatic leukodystrophy (MLD) is a lysosomal storage disease caused
Tuebingen, Germany by a deficiency of the arylsulfatase A (ARSA). ARSA deficiency leads to an
2 . . .

(fruker BioSpin GmbH, Ettlingen, accumulation of sulfatides primarily in the nervous system ultimately causing

ermany S . . . . . . .

Dietmar-Hopp Metabolic Center, demyelination. With evolving therapeutic options, there is an increasing need
Children's Hospital Heidelberg, for indicators to evaluate disease progression. Here, we report targeted meta-
Heidelberg, Germany bolic urine profiling of 56 MLD patients including longitudinal sampling,

“Werner Siemens Imaging Center,
University of Tuebingen, Tuebingen,
Germany

using 'H (proton) nuclear magnetic resonance (NMR) spectroscopy. 'H-NMR

urine spectra of 119 MLD samples and 323 healthy controls were analyzed by
an in vitro diagnostics research (IVDr) tool, covering up to 50 endogenous and

Corresl)m_l,dence 100 disease-related metabolites on a 600-MHz IVDr NMR spectrometer. Quan-

Samuel Groschel, Department of o ] o

Neuropediatrics, Developmental titative data reports were analyzed regarding age of onset, clinical course, and

Neurology and Social Pediatrics, therapeutic intervention. The NMR data reveal metabolome changes consis-
University of Tuebingen, 72076

. tent with a multiorgan affection in MLD patients in comparison to controls. In
Tuebingen, Germany.

Email: samuel.groeschel@med.uni- the MLD cohort, N-acetylaspartate (NAA) excretion in urine is elevated. Early
tuebingen.de onset MLD forms show a different metabolic profile suggesting a metabolic
Funding information shift toward ketogenesis in comparison to late onset MLD and controls. In
This work was supported by Deutsche samples of juvenile MLD patients who stabilize clinically after hematopoietic
iirSCh“ngsgemeinSChaft grant GR 4688/ stem cell transplantation (HSCT), the macrophage activation marker neopterin

is elevated. We were able to identify different metabolic patterns reflecting var-
Communicating Editor: Maurizio iable organ disturbances in MLD, including brain and energy metabolism and
Scarpa

inflammatory processes. We suggest NAA in urine as a quantitative biomarker
for neurodegeneration. Intriguingly, elevated neopterin after HSCT supports
the hypothesis that competent donor macrophages are crucial for favorable
outcome.
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the original work is properly cited.
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ARTICLE INFO ABSTRACT
Keywords: Background and purpose: Metachromatic leukodystrophy (MLD) is a lysosomal enzyme deficiency disorder leading
Metachromatic leukodystrophy to demyelination and subsequently to a progressive decline in cognitive and motor function. It affects mainly

MR spectroscopy

NAA

N-acetylaspartate

Urine NMR spectroscopy

white matter where changes during the course of the disease can be visualized on T2-weighted MRI as hyper-
intense areas. Associated changes in brain metabolism can be quantified by MR spectroscopy (MRS) and may
give complementary information as biomarkers for disease characterisation and progression. Our study aimed to
further investigate the correlation of MRS with clinical parameters for motor and cognitive function by using a
model free MRS analysis approach that would be precise and straightforward to implement.

Materials and methods: 53 MRS datasets derived from 29 patients (10 late-infantile, 19 juvenile) and 12 controls
were acquired using a semi-LASER CSI sequence covering a slice through the centrum semiovale above the
corpus callosum. We defined four regions of interest in the white matter (frontal white matter [FWM] and the
cortico-spinal tract [CST] area, each left and right) and one in cortical grey matter. Spectra were analysed using a
model and fitting free approach by calculating the definite integral of 10 intervals which were distributed along
the whole spectrum. These 10 intervals were orientated towards the main peaks of the metabolites N-acetylas-
partate (NAA), creatine, myo-inositol, choline, glutamine/glutamate and aspartate to approximately attribute
changes in the intervals to corresponding metabolites. Their ratios to the main creatine peak integral were
correlated with clinical parameters assessing motor and cognitive abilities. Furthermore, in a post-hoc analysis,
NAA levels of a subset of 21 MR datasets were correlated to NAA levels in urine measured by H (proton) nuclear
magnetic resonance (NMR) spectroscopy.

The applied interval integration method was validated in the control cohort against the standard approach, using
spectral profile templates of known metabolites (LCModel). Both methods showed good agreement, with co-
efficients of variance being slightly lower for our approach compared to the related LCModel results. Moreover,
the new approach was able to extract information out of the frequency range around the main peaks of aspartate
and glutamine where LCModel showed only few usable values for the respective metabolites.

Results: MLD spectra clearly differed from controls. The most pronounced differences were found in white matter
(much less in grey matter), with larger values corresponding to main peaks of myo-inositol, choline and
aspartate, and smaller values associated with NAA and glutamine. Late-infantile patients had more severe

Abbreviations: ARSA, Arylsulfatase A; Asp, Aspartate; AUC, Area under the curve; Cho, Choline; Cr, Creatine; CSI, Chemical shift imaging; CST, Corticospinal tract;
FWM, Frontal white matter; Gln, Glutamine; Glx, Glutamate/Glutamine; GM, Grey matter; GMFC-MLD, Gross motor function score in metachromatic leukodys-
trophy; IOI, Interval of interest; IQ, Intelligence quotient; MLD, Metachromatic Leukodystrophy; MRI, Magnetic resonance imaging; MRS, Magnetic resonance
spectroscopy; Myo, Myo-inositol; NAA, N-acetylaspartate; NMR, Nuclear magnetic resonance; ROI, Region of interest.

* Corresponding author at: Department of Neurology and Epileptology, Hertie Institute for Clinical Brain Research, University of Tiibingen, Hoppe-Seyler-Str. 3,
72076 Tiibingen, Germany.
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Abstract: The blood-brain barrier (BBB) is a selectively permeable boundary that separates the
circulating blood from the extracellular fluid of the brain and is an essential component for brain
homeostasis. In glioblastoma (GBM), the BBB of peritumoral vessels is often disrupted. Pericytes,
being important to maintaining BBB integrity, can be functionally modified by GBM cells which
induce proliferation and cell motility via the TGF-f-mediated induction of central epithelial to
mesenchymal transition (EMT) factors. We demonstrate that pericytes strengthen the integrity of
the BBB in primary endothelial cell/pericyte co-cultures as an in vitro BBB model, using TEER
measurement of the barrier integrity. In contrast, this effect was abrogated by TGF-f or conditioned
medium from TGF-f3 secreting GBM cells, leading to the disruption of a so far intact and tight BBB.
TGF-f notably changed the metabolic behavior of pericytes, by shutting down the TCA cycle, driving
energy generation from oxidative phosphorylation towards glycolysis, and by modulating pathways
that are necessary for the biosynthesis of molecules used for proliferation and cell division. Combined
metabolomic and transcriptomic analyses further underscored that the observed functional and
metabolic changes of TGF-p-treated pericytes are closely connected with their role as important
supporting cells during angiogenic processes.

Keywords: glioblastoma; blood-brain barrier; transforming growth factor beta; metabolomics

1. Introduction

The blood-brain barrier (BBB) is a highly selective barrier that prevents the non-
selective transport of molecules from the blood into fluids of the central nervous system

4 A
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ARTICLE INFO ABSTRACT

Keywords: Despite several promising candidates, there is a paucity of drug treatments available for patients suffering from
Ocular drug delivery retinal diseases. An important reason for this is the lack of suitable delivery systems that can achieve sufficiently
Liposomes

high drug uptake in the retina and its photoreceptors. A promising and versatile method for drug delivery to
specific cell types involves transporter-targeted liposomes, i.e., liposomes surface-coated with substrates for
transporter proteins highly expressed on the target cell. We identified strong lactate transporter (mono-
carboxylate transporter, MCT) expression on photoreceptors as a potential target for drug delivery vehicles. To
evaluate MCT suitability for drug targeting, we used PEG-coated liposomes and conjugated these with different
monocarboxylates, including lactate, pyruvate, and cysteine. Monocarboxylate-conjugated and dye-loaded li-
posomes were tested on both human-derived cell-lines and murine retinal explant cultures. We found that li-
posomes conjugated with pyruvate consistently displayed higher cell uptake than unconjugated liposomes or
liposomes conjugated with lactate or cysteine. Pharmacological inhibition of MCT1 and MCT2 reduced inter-
nalization, suggesting an MCT-dependent uptake mechanism. Notably, pyruvate-conjugated liposomes loaded
with the drug candidate CN04 reduced photoreceptor cell death in the murine rd1 retinal degeneration model
while free drug solutions could not achieve the same therapeutic effect. Our study thus highlights pyruvate-
conjugated liposomes as a promising system for drug delivery to retinal photoreceptors, as well as other
neuronal cell types displaying high expression of MCT-type proteins.

Neurodegenerative therapy
Retinal degeneration
Monocarboxylate transporter
Retinal explant culture

1. Introduction phosphodiesterase 6 (PDE6), are found [3]. Pathological concentrations
of cGMP cause over-activation of important cGMP-dependent proteins,
which eventually leads to cell death [4]. The drug candidate CN04 is an

inhibitory analogue to cGMP (Fig. 1) and has been shown to promote

Inherited retinal degeneration (IRD) relates to a group of diseases,
including retinitis pigmentosa and Leber’s congenital amaurosis, char-

acterized by the progressive loss of photoreceptors, which ultimately
leads to blindness [1-3]. Typically, IRD-type diseases display a primary
loss of rod photoreceptors, which are responsible for vision under dim
light conditions. Accordingly, initial disease symptoms include
night-blindness. Once rods are lost, the cone photoreceptors, which
mediate color and high acuity vision under daylight conditions, are also
degenerating, ultimately leading to complete blindness. To date,
IRD-type diseases remain essentially untreatable, creating a high need
for new therapeutic developments.

In many types of IRD, high levels of cyclic guanosine monophosphate
(cGMP) in rod photoreceptors, caused for instance by the impairment of

* Corresponding author.

E-mail address: francois.paquet-durand@uni-tuebingen.de (F. Paquet-Durand).

https://doi.org/10.1016/j.biopha.2023.114717

survival of rod photoreceptors in mouse models of IRD, including the rd1
mouse model [5]. The rescue of rod photoreceptors typically provides
functional protection of cone photoreceptors [6].

To ensure a successful translation for clinical use, CN04 will need to
be delivered to photoreceptors in high enough concentrations to provide
a protective effect. For this, a suitable drug delivery system is necessary.
Previously, glutathione-conjugated liposomes were shown to enhance
the therapeutic effect of cGMP analogues in IRD mouse models after
systemic administration [5]. These liposomes were designed for drug
permeation across the blood-retinal barrier [7,8]. However, as a local
administration, intravitreal (IVT) injections are superior in delivering

Received 16 March 2023; Received in revised form 13 April 2023; Accepted 14 April 2023

Available online 21 April 2023
0753-3322/© 2023 The Authors.
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NMR spectroscopy-based metabolomics assessment of immunometabolism and
oxidative stress-related metabolism in murine and human samples
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INTRODUCTION

“* Immunometabolism and oxidative stress-related metabolism play a
crucial role in health maintenance and disease progression.

Our_aim: to identify metabolic processes and bio-molecular events
under oxidative stress in two preclinical and one clinical research
project. The obtained knowledge should stratify novel targets for
future diagnostics and therapeutic interventions.

We employed 14.1 T (600 MHz for proton) nuclear
magnetic resonance 'H-NMR spectroscopy tissue,
plasma and fecal metabolomics with a ultra-sensitive
1.7 mm triple resonance (TXl) room temperature
microprobe. This allowed performing experiments with
very low sampling material, ideal for precious
samples from preclinical and clinical biopsy tissues.
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Immunometabolism phenotype In a cutaneous delayed-type hypersensitivity
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INTRODUCTION

% T-cell-driven acute and chronic inflammatory
immune responses characterise inflammatory

TNCB ear challenge METHODS

: acute ' chronic _
Abd.o_mln.al « ord ard ath et v Cutaneous DTHR was induced by repeated
sensitisation 158 2nd 319 4% 5 trinitrochlorobenzene (TNCB) sensitisation of
disorders, such as psoriasis, rheumatoid | the mouse abdomen and ear [1,2].

I
arthritis and ulcerative colitis. Day 1 v Acute and chronic DTHR selected points in
* Our aim: to identify the longitudinal metabolic processes and biomolecular time [2] were characterised by:
events, responsible for the switch from acute to chronic inflammation. = TH-NMR spectroscopy-based

metabolomics;

= histopathology (H&E) and
Immunohistochemistry.

“ Such metabolic markers can further serve as diagnostic and therapeutic
targets providing valuable knowledge towards the development of
personalised anti-inflammatory theranostics.
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300- 2200 . < ]
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%250— - : %2000— * % ) e TCA cycle / Glutamate "
%’200— B g 1 ACH Phenylalanine |} Glutamine §
2 150~ 3k -51800—- = | 24 h Tyrosine |- Fumarate n a-ketoglutarate |<== prgline ||
gmo—ﬁ S = §1600— T \ / Arginine u
| (- T |
S 5o | 3 i | | | ot - -__ Methionine | 1
O 50 ] O 400 * T o B . o SUCC'UCCIHyl-COA Isoleucine |v
O——T—T—T7T—T1 I — PC 1 (436%) Valine ll
RCARNPRASEO SIS RO SIPRSIRNIRNS : :
&\\\v%u O Ob‘oq,b‘ e,b\\\v%b‘ O ob‘cﬂ'b‘ Threonine | :
Fig. 4. Redox metabolism-related Fig. 5: Principal component analysis (PCA) Fig. 6: Pathway connection illustration of glycolysis, ketogenesis
metabolites changed upon acute and llustrates a distinctive metabolite profiles at and TCA cycle with related metabolite concentration changes
chronic DTHR. each point in time of the investigation. compared to naive control.
CONCLUSIONS < Our findings underpin several biomolecular events taking place during inflammation
u:u‘u; ACUTE CHRONIC progression pro_V|d|r_Ig CFIJCIa| knowle_dge for early the.rapeutllc |ntervent|op; |
W W@ <+ Acute inflammation is driven by resident cells and infiltrating neutrophils, while the

ww@ chronic phase has an increased accumulation of T cells and macrophages;

* Acute DTHR resulted in increased GSH and GSSG concentrations suggesting

N
rons "N

Taurlne: "~ GSH “Taurine systemic immune response and ongoing reactive oxygen and nitrogen species
H,O -/ / ~~DHA DHA ~. SSH™\ X 1o (RONS) activity; ascorbate and taurine increase was characteristic of chronic DTHR;

“‘GSSG X | ‘ ¢ ’  TCA cycle activity was disrupted both by acute and chronic DTHR, indicated by
Ascorbate ! Ascorbate * G550 “ downregulated amino acids, accumulated glycolysis metabolites and ketone bodies.

R E F E R E N C ES [1] Mehling, R. et al. Immunomodulatory role of reactive oxygen species and nitrogen species during T cell-driven neutrophil-enriched acute and chronic cutaneous delayed-type hypersensitivity reactions. Theranostics 11, 470-490 (2021). https://doi.org:10.7150/thno.51462.
[2] Schwenck, J. et al. Temporal Dynamics of Reactive Oxygen and Nitrogen Species and NF-kappa B Activation During Acute and Chronic T Cell-Driven Inflammation. Molecular Imaging and Biology 22, 504-514 (2020). https://doi.org:10.1007/s11307-019-01412-8.
[3] Images and figures have been created with www.MetaboAnalyst.ca 4.0 (PCA), GraphPad Prism (box plots) and www.biorender.com (2022).
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Investigation of Roux-en-Y gastric bypass (RYGB) and high-sucrose diet
influence on the rat brain-gut axis communication
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INTRODUCTION METHODS

RYGB surgery has been linked to an endogenous o Sprague

neurological brain response resulting in reduced ==t g PaweY  MRYGB/Sham 15t faeces ond faeces [8F]FDG-
obesity!"2). s surgery” collection collection PET/fMRI
|

Hypothesis: weight loss could be
achieved by pharmaceutical agent, | |

triggering a similar brain response 8 weeks of 4 weeks of 4 weeks of
without the invasive RYGB surgery. y high sucrose recovery continued

. . . y : Plasma, brain
Our aim: to characterise the effects on brain T 8 " & diet recovery & 3rd féeces
activity and metabolome by surgically modifying = %, [ a8 th  + TH-NMR spectroscopy-based metabolomics: 600 MHz, room

the brain-gut axis (RYGB) and comparing ittoa e BT e . miro probe .
. N ['®F]FDG-PET, brain glucose challenge

Sham surgery with high sucrose liquid diet (Ad Immunohistochemistry

Libitum) or similar caloric intake (Pair Fed). - il Cytokine profiling (CBA, ELISA)
_ = 16S RNA Gene sequencing (microbiota) *Sham surgery = placebo surgery

RESULTS

r
!
!

Body weight, sucrose water and food intake Faeces metabolomics o

i RYGB/Sham surgery. Ad Libitum weight increase correlated to their food intake. Pair Fed (PF) animal

_ _ _ _ _ i . trimethylamine (TMA), malonate and 3-(3-hydroxyphenyl)propionate (3-HPPA). Y-axis
I weight continued increasing despite the limited food and sucrose intake compared to RYGB group.

-200 -100 0 o 100
Component 1 (23.5%) represents normalised concentration.
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| Weoks Weeks Weeks I S Figure 4: Faeces Metabolomics. (A) Partial Least Squares Discriminant Analysis
: _ _ _ _ : ! (PLSDA) illustrating RYGB group separation, Ad Libitum and Pair Fed group overlap. (B) |
, Figure 1: Average body weight (A), sucrose water intake (B) and food intake (C) before and after the : Most important changes illustrated in box plots for 4-Aminobutyrate (GABA), :
I |
I I
|

CytO klneS Figure 5: Cytokine profiling. Box plots
CRP

LBP Leptin Insulin MCP-1 visualising the downregulated C-reactive

activation) cell count (green) in RYGB (A) and pair feed (B) rat groups compared to Ad Libitum (C). concentrations.

[l

| L :

: ! | !
|
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: 11 400- * 1500- s 30- ** 15- _ 5 protein (CRP) and upregulated :
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I : | - . iL % __ 1000+ _ 207 _ 107 _al T ms in RYGB compared to Pair Fed animals. |

| Ezoo_ - * E T ns E 2 E E : . . |

: - % 2 i —— 2 e 2 s T 2,0 . Leptin was downregulated both in RYGB |

| :: ol 500- ks I % 5 i N % + 71 and Pair feed animals compared to Ad |

| - . . : o . N Libitum. We did not quantify significant :

I T T T T T T T T T . . . .
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I Figure 2: c-Fos staining in dorsal endopiriform nucleus (Den). Decreased c-Fos (marker for neuronal | | & @ & @ & @ & @ & @ chemotactic ~ protein 1 (MCP-1)
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Carnitine () N () X\ ) > = o > - . L .
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O-Phosphocheline & ¥ ? 34 © ra : 1T Fi 7: 16S rRNA . RYGB h t db
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o e Figure 3: Plasma metabolomics. (A) Heat map of I| g s : 1800 s (dotted line) and ! higher Muribaculaceae, Enteroccocus and Escherichia/ |
-Ribose e . . . 7 . . .
- all quantified metabolites. (B) Box plots illustrating | : 0le | L | | resulted in reduced tracer ! Shigella, and a lower abundance of Lactobacillus,
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plasma. Y-axis represents normalised concentration. weeks post-surgery.

which typically increases under fastening conditions ("ketogenic") diet,
pointing towards "fastening-alike" metabolic state

\/

% Mean FDG tracer uptake was higher in RYGB animal group
suggesting sucrose diet effect on glucose consumption in the

CONCLUSIONS / TN / | “* RYGB leads to higher ketone body 3-hydroxybutyrate plasma concentrations

microbiome-metabolome |

brain brain-gut < Significant changes in microbiota composition lead to affected metabolism
axis by lowered short chain fatty acids, branch chain amino acids, GABA build-up
% dorsal endopiriform nucleus (Den) brain region had reduced V\ - 4 which agrees to similar studies in literature®
c-Fos (neuronal activity marker) cell count indicating RYGB T _ _ _ _ _
surgery effect * Lowered C-reactive protein has been associated with health benefits and
decreased risk for heart disease®
REFERENCES (1) Hankir, M. K.; Patt, M.; Patt, J. T. W.; Becker, G. A.; Rullmann, M.; Kranz, M.; Deuther-Conrad, W.; Schischke, K.; Seyfried, F.; Brust, P.; Hesse, S.; Sabri, O.; Krugel, U.; Fenske, W. K., Suppressed Fat

Appetite after Roux-en-Y Gastric Bypass Surgery Associates with Reduced Brain mu-opioid Receptor Availability in Diet-Induced Obese Male Rats. Frontiers in Neuroscience 2017, 10. (2) Hankir, M. K.; Seyfried,
F.; Miras, A. D.; Cowley, M. A., Brain Feeding Circuits after Roux-en-Y Gastric Bypass. Trends in Endocrinology and Metabolism 2018, 29 (4), 218-237.

(3) Gastric bypass depiction. https://en.wikipedia.org/wiki/Gastric_bypass_surgery#/media/File:Gastric_bypass_icon.svg (4) Seyfried, F.; Phetcharaburanin, J.; Glymenaki, M.; Nordbeck, A.; Hankir, M,;
Nicholson, J. K.; Holmes, E.; Marchesi, J. R.; Li, J. V., Roux-en-Y gastric bypass surgery in Zucker rats induces bacterial and systemic metabolic changes independent of caloric restriction-induced weight loss.
Gut microbes 2021, 13 (1), 1-20. (5) Holdstock, C.; Lind, L.; Engstrom, B. E.; Ohrvall, M.; Sundbom, M.; Larsson, A.; Karlsson, F. A., CRP reduction following gastric bypass surgery is most pronounced in
insulin-sensitive subjects. International Journal of Obesity 2005, 29 (10), 1275-1280.
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Investigation of crosslinks between DJ-1 (Park7) mutation and murine
faeces and serum metabolomics studied by 1.7 mm 'H-NMR spectroscopy
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INTRODUCTION . METHODS

Sample preparation
 DJ-1 (Park7) gene mutations

are associated with Parkinson's
disease (PD).

. Ultrasonic 2-phase metabolite extraction(?)
. Centrifugation and phase separation
. Solvent evaporation to dryness

. Metabolite pellet re-suspension and 1.7 mm tube filling
* Our aim: to identify metabolic changes that could

e . : )
relate DJ-1 triggered PD with gut bacterial activity'". Spectra acquisition

. | 5. 600 MHz NMR spectrometer with 1.7 mm triple
* Hypothesis: DJ-1 has a regulatory resonance room temperature probe

role in the inflammatory and immune 6. Short ZG and 1h CPMG (Carr-Purcell-Meiboom-Gill)
processes affecting gut microbiome.

. Data analysis
* We analysed serum and faeces

samples from DJ-17 (KO) and DJ-1++ _ / | X /. Spectra processing with TopSpin 3.6.1
(WT) mice by "H NMR metabolomics. o T <l 8. Metabolite quantification with ChenomX 8.5
J A A 9. Metabolite statistical analysis with MetaboAnalyst 3.0

RESULTS Faeces metabolites Serum metabolites
>  OPLS-DA Scores Plot ~ i
&> : 2 OPLS-DA Scores Plot Volcano Plot (43 metabolites)
A o N 2oz B Volcano Plot (39 metabolites) o — F
Lo - o) +/+ e _ Phenylalanine Tryptophan
= - Valine . +Molonate = . DJ-1*1 " tewme .G Trmethyiamine
Z i - o 27 Leucine .°. . . Dimethylamine N £
S - I8 - Phenylala.nlne i . Acetoin Malonate Acetonin @ . o 1.0-
3 0 i £ | Tyosine ., Alanine " 3.HPPA 0o o g - S
n 0 < = Isoleucine  : S S ! ! ) . 22
': " 81' gm- ; 210— — . - 0.5-
3 _H+ ' S S 5 @ -
S d : g o] 8 S o
_8 2 0 2 4 oo &% § § °7 i 8) 0.0 I I ‘i....‘ J 1
-— 0 ‘f I I g -104 g 54 L -4 2 0 2 4 -15 -10 -5 0 5 10
= T score (1) (16.1 9 ' S S =
5 (1)(16.1 %) 2 4 0 125 | 5 5 Tscore (1) (17.9 %) I0g2(FC)
log2(FC) DJ-17 DJ-1*" DJ-1 - DJ-1
C Valine Isoleucine Tyrosine Leucine Alanine Phenylfllanine G Phenylf\lanine Leu:ine Trypt:phan Trimethillamine
. 209 _* . 200 _* . 200 * . 34 X c U T . . 204 E :: — 5 109 5 1097 — : :z: -
= 7 15- 5 T 20 T 20+ T £ £ 54 £ s [ g
2 2 < c 107 £ 10- S S oA S of T S o- S 0.0-
S o4 8 5= S 04 o o o 0- e e e e
2 2 2 z 2 z Tl —— Tl ——— T S— IR ——
20 DUM - D 10 DUM - Dq 20 DU - Dy 20 DI - Dyt 20 DJ-1 7 DYt 20 DU - DU DJ-17 DJ-1*" DJ-1 7 DJ-1 " DJ-1 7 DJ-1 " DJ-17" DJ-1*"*
D 3.HPPA Figure (A; E) oPLS-DA regression model 2D plot illustrating the group
30~ * separation between the KO and WT: strong group separation can be
d g o observed. (B; F) Volcano plot shows all the metabolites quantified as dots:
b \ E statistically significant metabolite changes (KO vs WT) have the metabolite
ﬁ} | | s tittes assigned. (C; G) Box plots of statistically significant metabolites:
M | MULM, P \\ﬂ\% 3 O lowered amino acids in KO (alanine, tyrosine, valine, isoleucine,
o i WWW : 0- phenylalanine, leucine — both in faeces and serum), upregulated SCFAs
- < 0l | (malonate (faeces), trimethylamine (serum), acetoin (faeces)) and serotonin
p WJ ___________________________ DI DI precursor tryptophan (in serum) (*p<0.05, unpaired t-test, FC threshold =
W DJ-1 KO example spectra 1.2). (D) 3-HPPA (3-(3-Hydroxyphenyl) propanoic acid) was not available in
3-HPPA standard spectra our spectra reference database and was identified via literature search and
7 | 6 | 5 | 4 | 3 - ppm standard chemical spiking experiment, example spectra illustrated.
CONCLUSIONS « Suggests mitochondrial energy metabolism defect
Short-Chain Fattv Acids » Upregulated fibre consumption
4 f DJ-1 knockout leads to
DJ-17 mouse Molonat $  Indicates inflammatory process potential gut epithelial
alonate . ot (3) .
plasma and Reduced cellular respiration dysb|05|lstar;d
upregulate
serum x . ' icitv i ion(? : :
| 3-HPPA 1 Potential neurotoxicity induction inflammatory effects in
metabolomics — _ _ mouse model”
: : * Alterations in dopamine synthesis pathway (Phe, Tyr)
Amino Acids ¢ » Impaired protein degradation

"3-HPPA = 3-(3-Hydroxyphenyl) propanoic acid. “Further supported by histology, RNA-Seq and FACS analysis. More information in the publication.
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EX VIVO ANALYSIS OF HUMAN GLIOMA TISSUE EXTRACTS BY 3'P-NMR
SPECTROSCOPY AS POTENTIAL DIAGNOSTIC MEASURE FOR GLIOMA SUBTYPE
AND IDH MUTATION STATUS DISCRIMINATION BY IN VIVO MR SPECTROSCOPY
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70% of gliomas (heterogeneous central nervous system primary
tumors) carry an isocitrate dehydrogenase (IDH) mutation that
results in changed intracellular signalling and epigenetics by

increased levels of the oncometabolite 2-hydroxyglutarate (2-

HG) (1,2) (Figure 1).

Previous ex vivo phospholipid 3"P-NMR spectroscopy shows a
clinically relevant ratio of PtdCho to the rest of phospholipid
peaks that could serve as a diagnostic measure for in vivo MRS

(3).

When employing "H-NMR spectroscopy for polar tissue extracts

of glioma (unpublished) we found that the ratio of the DH = WT PtdCho | (‘1K
phosphometabolites phosphocholine/glycerophosphocholine - g:ggg: SN
A B

(PC/GPC) is much higher in wildtype than in IDH-mutated
tumors. This can be seen as growth marker while both PC and

GPC are precursors to PtdCho (Figure 1C).

We aimed to 1) optimize the metabolite extraction protocol
for 3'P-NMR and 2) assess if different phospholipid species
and ratios from 31P-NMR spectra can be correlated with
tumor entity, WHO grade and IDH mutation status and could
have a potential to serve for in vivo MRS.

Glioma cases

INTRODUCTION

.................... / A \
........................... Pyruvate Etn
""" Acetyl-CoA — DCP- 1
J Acetyl-CoA Etn
S GPE
Citrate ; CiIrate * Lipid \ e
/! ~ } Synthesis PtdEtn
Oxaloacetate Isocitrate Isocitrate /
t NADP* NADP*
Malate IDH2 IDH1 Glutamate PtdSer
t NADPH NADPH /
Succinate a-Ketoglutarate «— a-Ketoglutarate
N ~ NADPH
Succinyl- DI PtdCho
CoA NADP* < NADP* / \
2-Hydroxyglutarate — 2-Hydroxyglutarate GPG PC
c \ ' /
Cho

Figure 1: The majority (70%) of glioma cases have an IDH mutation (A). IDH 1/2 catalyzes the oxidative decarboxylation of isocitrate and further

oncometabolite synthesis due to gene mutations. Mutant IDH alters the TCA cycle and citrate generation which is involved in lipid synthesis. While axon

membranes of neurons consist mainly of glycolipids (28%) and cholesterol (22%) with low PtdCho (10%), PtdEtn (15%), PtdSer (9%) and SM (8%),
mitochondrial membranes consist of mainly PtdCho (44%) + PtdEtn (28%) and lack SM (4). Most phospholipids can be detected by 3'"P-NMR (B);
Schematic representation of choline and ethanolamine phospholipid metabolism (C). B&C adapted from Esmaelli et al., 2014 (5).

Abbreviations: Etn, ethanolamine; CDP-Etn, cytidinediphosphate ethanolamine; PtdSer, phosphatidylserine; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PC,
phosphocoline; Cho, choline, GPC, glycerophosphocholine; PE, phosphoethanolamine; GPE, glycerophosphoetanolamine; , choline kinase; , ethanolamine kinase;

cytosolic phospholipase AZ2; , phospholipase C; , phosphatidylserine decarboxylase; , phosphatidylserine synthase |I; , phosphatidylserine synthase |II;
phosphatidylethanolamine N- methyltransferase.

A
Pulverized and Ultrasonic
lyophilized glioma 2-phase
tissue + metabolite
MTBE/MeOH/H,0 extraction
B

METHODS

Separation of oal o HNMR
lipid and pol ellet or_H- - _
ngh::e :r?dar re-suspension 2mM TMS/CDCl \ Spectra > We adapted and modified a solvent and extraction protocol (Lutz et al., 2014) (6)
evaporation in deuterated For ”'P-NMR e measurement that allows obtaining sufficient metabolite concentrations for further 'H and 3'P
to dryness solvent CDCI3:Me?).L[1)I:1CDTA/DZO and analysis NMR spectroscopy.
+10mM TPPinternal standard | 5. 5 mg of pulverized and lyophilized glioma tissue from wildtype and IDH mutated tumors was

Experiment parameters for lipid extracts (5:4:1 CDCI;:MeOD:CDTA/D,O solvent system)

Pulse programme

31P: zgpg30 1D sequence with power-
gated decoupling using 30
degree flip angle

Figure 2: Metabolite extraction from glioma tissue and sample preparation workflow (A) and NMR

spectroscopy measurement parameters (B).

60 glioma WHO
grade Il - IV

b/////////“\\\\\\\\\A

30 IDH 30 IDH
wild type mutated

\/

60 NMR samples prepared
each for both
"H-NMR and 3'P-NMR

3TP-NMR: many spectra with

very low signal and missing

peaks, selection of 6 spectra
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Figure 3: Overview of the sample
cohort and the outcome after 3'"P-NMR
spectroscopy. Due to a very complex
heterogeneous sample group the
spectral peaks were not always well
separated or some signals were
missing, overlapping, therefore only
small subset was obtained that would
qualify for necessary analysis.

prepared for metabolite extraction and further NMR analysis according to the workflow in Figure 2A.

SW=sweep | TD=tme | NS=number | . _.. T= » The tumor tissue was homogenized and extracted with the adaptive focused acoustics (AFA™)
width domain of scans temperature : . .

ultrasound technology (Covaris E220 evolution) in a two-step process. The supernatant was evaporated

200 ppm 64k 4096 3“2;“!” 39 208 K to dryness, pellet resuspended and sample measured using a high-field (15.1 T) NMR spectrometer

(Avance Illl HD Bruker BioSpin) equipped with a 600 MHz proton (H) and 243 MHz phosphorous (3'P)
frequency triple resonance 1.7 mm microprobe (Figure 2B).

RESULTS
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Figure 4: Characteristic 3'lP-NMR spectra (scale:
ppm) of a standard solution, illustrating the solvent
composition impact on the peak position. 3P
spectra are very sensitive to slight changes in the
CDTA:CDCI; mixture which leads to the peak shifts
with minor solvent ratio changes (CDTA = 5:4:1
solution).

Abbreviations for peak annotation:

A Wildtype glioma tissue extract 3'P-NMR B IDH mutation glioma tissue extract 3'"P-NMR
WHO grade and tumor type

WHO grade and tumor type

6 54 1 1206 Gliu:nma;& 3L

: 5 : 1 rl4az0 Glioma 31F

6
Il Diffuse Astrocytoma / :

IV Glioblastoma
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IV Glioblastoma N
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IV Glioblastoma Il Astrocytoma
IV GIOBIASOMA o o

: : 5 : lll Astrocytoma
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1

Figure 5: 3'P-NMR spectra of glioma tissue lipid extracts from and wildtype (A) and IDH-mutated tumor biopsies (B). All wildtype
tumors are WHO grade |V Glioblastoma. The IDH mutated tumors vary from grade and tumor type as well as their spectra have
significant peak differences between the types and within the groups. Annotation based on spiking experiments (compounds 1 — 4 &
7) and previous literature (5 & 6) by Lutz et al., 2014 (6).

1) PtdCho, Phosphatidylcholine; 2) PS, Phosphatidylserine; 3) LPtdCho, Lysophosphatidylcholine; 4) SM, Sphingomyelin; 5) PtdEtn, Phosphoethanolamine; 6) PtdEtn ¢, Ethanolamine plasmalogen, 1-alkenyl-2-acyl-sn-glycero-3-phospho

ethanolamine; 7) LPtdEn, Lysophosphatidylethanolamine.

Metabolite extraction protocol optimization for 3'1P-NMR

« Our adopted and modified metabolite extraction protocol allows obtaining well-
resolved 'H (data not shown here) and 3'P-NMR spectra of the phospholipid
metabolites from the same pellet of the extract under a passable acquisition time.

* Metabolites, such as PtdCho, LPtdCho, PtdEtn, LPtdEn;, PtdEtn,..,,, as well as

CONCLUSION

Glioma and 3'P-NMR: correlations between IDH mutation, tumor entity and classification
« Our findings suggest that there are phosphometabolite concentration differences between Astrocytoma
(grade lll) and other IDH in the ethanolamine PtdEtn .., region (arrows Figure 5B).

* We also observed a potential PtdEtn .., Ppeak intensity decrease when LPtdEn peak increases
suggesting that these two metabolites are balancing each other.

PtdSer, Ptdl, PG, SM can be identified by 3'P-NMR and their concentrations or ratios  * This preliminary study of 60 glioma samples (30 IDH-mutated and 30 wildtype) provided only 6 well-
can be obtained and further calculated.

« Current study limitations potentially derive from the heterogeneity of tumor samples

resolved 3'P-NMR spectra in wildtype and 10 in IDH mutated glioma tissue samples with all the expected
peaks. Thus, larger sample cohort with strict SOP is necessary to be able to draw strong conclusions.

(WHO grade, IDH status, drug treatment, vascularisation), buffer contaminations or * Due to current limitations, we cannot provide a strict epigenetic distinction between |IDH-mutated and
storage and transportation non-optimized conditions.

wildtype glioma cases yet. Future studies should therefore include epigenetic and transcriptomic analysis
from the same tissue extract for a better understanding of the tumor biology.
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