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Abstract

Tryptophan (Trp) is an essential amino acid involved in different biological processes. One essential
pathway in TRP metabolism is Kynurenine (Kyn) pathway which, when at a central level comports
neuro-protective and neuro-toxic metabolites. Higher breakdown of Trp to Kyn during inflammatory
conditions indirectly results in an elevated Kyn/Trp ratio. Metabolic disorders of the Kyn pathway are
linked to the pathogenesis and progression of various chronic diseases. Increased tryptophan
utilization is also reported during autoimmune and inflammatory diseases such as Multiple Sclerosis
(MS). It has been shown that acute and chronic exercise has strong influence on Trp metabolism.
Systematic physical exercise has anti-inflammatory effects depending on the exercise modality, thus
potentially reducing the risk and progress of several chronic diseases. Modifications in the Kyn
pathway may signify a link between inflammatory responses following acute exercise and chronic
anti-inflammatory properties, such as increased levels of regulatory T cells (T,egs), a subpopulation of
T cells that modulates the immune system, sustains tolerance to self-antigens, and prevents

autoimmune diseases.

In this thesis two original investigations were conducted on the effect of chronic and acute exercise
on Kyn Pathway in persons with MS and healthy women. Supplementary aim of this thesis was to

investigate any possible connection with T,egs and the Kyn Pathway influence.

In summary, this thesis demonstrates the different responses of Trp metabolism to acute and chronic
exercise in persons with relapsing remitting MS (RRMS) and secondary progressive MS (SPMS).
Serotonin increased after training, whereas the kynurenine pathway was only activated in persons
with RRMS. The second study conducted was the first to indicate a kynurenine pathway activation
following acute exercise in older healthy women. A correlation between Teg levels and maximum
oxygen capacity emphasizes a potential link between short-term upregulated Kyn levels and longer-

term anti-inflammatory properties of exercise.

Future research is warranted to investigate if the described alterations influence targets of Trp
metabolites, such as immune function and cognitive performance in persons with MS. Additional
research is needed to clarify to what extend acute exercise-induced activations of the kynurenine

pathway contribute to T,g differentiation.


https://en.wikipedia.org/wiki/T_cell
https://en.wikipedia.org/wiki/Immune_system
https://en.wikipedia.org/wiki/Immune_tolerance
https://en.wikipedia.org/wiki/Autoimmune_disease

Zusammenfassung

Tryptophan (Trp) ist eine essentielle Aminosaure, die an verschiedenen biologischen Prozessen
beteiligt ist. Ein wesentlicher Abbauweg des Trp Metabolismus ist der Kynureninpfad, der
neuroprotektive und neurotoxische Metaboliten aufweist. Ein groRerer Abbau von Trp zu Kynurenine
(Kyn) unter entzindlichen Bedingungen flhrt indirekt zu einem erhohten Kyn / Trp Ratio.
Fehlregulationen des Kynureninpfads hangen mit der Pathogenese und dem Fortschreiten
verschiedener chronischer Krankheiten zusammen. Ein erhéhter Tryptophanabbau wird auch bei
Autoimmunerkrankungen und entzindlichen Erkrankungen wie Multipler Sklerose (MS) berichtet. Es
wurde gezeigt, dass akutes und chronisches Training einen starken Einfluss auf den TRP
Metabolismus hat. Systematische korperliche Aktivitdt wirkt in Abhédngigkeit von der
Belastungsmodalitat entziindungshemmend und verringert somit moglicherweise das Risiko und den
Fortschritt verschiedener chronischer Krankheiten. Modifikationen im Kynureninpfad kénnten einen
Zusammenhang zwischen Entziindungsreaktionen nach akuten Belastungen und chronischen
entzindungshemmenden Eigenschaften bilden, wie z. B. erhdhte Spiegel an regulatorischen T-Zellen
(Treg), einer Subpopulation von T-Zellen, die das Immunsystem modulieren, die Toleranz gegeniiber

Antigene aufrechterhalten, und Autoimmunerkrankungen vorbeugen.

In dieser Arbeit wurden zwei Originalarbeiten zum Effekt chronischer und akuter korperlicher
Aktivitat auf den Kynureninpfad bei Personen mit MS und gesunden Frauen durchgefihrt.
Zusatzliches Ziel dieser Arbeit war es, einen moglichen Zusammenhang mit regulatorischen T-Zellen

und die Wirkung des Kynureninpfads zu untersuchen.

Zusammenfassend konnte diese Arbeit die unterschiedlichen Reaktionen des Trp Metabolismus auf
akutes und chronisches Training bei Personen mit schubférmig remittierende (RRMS) und sekundar-
progrediente MS (SPMS) zeigen. Serotonin stieg nach dem Training an, wahrend der Kynureninpfad
nur bei Personen mit RRMS aktiviert wurde. Die zweite durchgefiihrte Studie war die erste, die auf
eine Aktivierung des Kyn Pathway nach akutem Training bei dlteren gesunden Frauen hinwies. Eine
Korrelation zwischen den Tregs und der maximalen Sauerstoffkapazitdt unterstreicht einen méglichen
Zusammenhang zwischen den kurzfristig hochregulierten Kyn Leveln und den langerfristigen

entzindungshemmenden Eigenschaften des Trainings.

Zukiinftige Forschung sollte untersuchen, ob die beschriebenen Veranderungen die Ziele von Trp-
Metaboliten beeinflussen, wie z. B. die Immunfunktion und die kognitive Leistung bei Personen mit
MS. Zusatzliche Untersuchungen sind erforderlich, um zu kléren, inwieweit akute

belastungsinduzierte Aktivierungen des Kynureninpfads zur Teg -Differenzierung beitragen.



1. Introduction

Tryptophan (Trp) is an essential amino acid involved in different biological processes.
Tryptophan contains an a-amino group, an a-carboxylic acid group, and a side chain indole,
making it a non-polar aromatic amino acid. It is important in humans and since the human
body cannot synthesize it, it must be obtained through nutrition in order to maintain the
nitrogen balance in the human body (Slominski et al., 2002, Cervenka et al., 2017b). There
are two antagonistic pathways in Trp metabolism: the serotonergic pathway, that results in
the production of monoaminergic neurotransmitters (e.g. serotonin and melatonin)
regulating human behavior, appetite and tiredness (Badawy, 2017; Cervenka et al., 2017;
Leklem, 1971) and the kynurenine (Kyn) pathway which, when at a central level comports
neuro-protective (e.g. Kyn, kynurenic acid) and neuro-toxic metabolites (e.g. quinolinic acid,
3-hydroxykynurenin). Only one percent of the essential amino acid Tryptophan is used for
protein synthesis under physiological conditions. While it is just a small portion metabolized
through the serotonergic pathway, the highest portion of available Trp is metabolized
through the Kyn pathway by the liver-specific enzyme tryptophan 2,3-dioxygenase (TDO)
(Badawy, 2017; Cervenka et al., 2017; Chen & Guillemin, 2009; Leklem, 1971). However, Trp
metabolism can additionally take place in the lungs, kidneys, spleen, placenta and blood cells
by the enzyme indole 2,3-dioxygenase (IDO) (Braidy et al., 2011; Chen & Guillemin, 2009;

Strasser et al., 2017).

Higher breakdown of Trp to Kyn during inflammatory conditions redirects an increase in the
activity of IDO, which can be indirectly determined by an elevated Kyn/Trp ratio
(Schrocksnadel et al., 2006). Contrary to the effect of IDO induction, there have been cases
with no increase in plasma Kyn under inflammatory circumstances, possibly explained
through the upregulation of kynurenine 3- monooxygenase (KMQO) (Badawy & Guillemin,
2019). Reduction of plasma tryptophan or increased Kyn - Trp ratio are described during
viral, bacterial and parasitic intracellular infections (Boasso et al., 2007; Moreau et al., 2005;
Murray, 2003; Silva et al., 2002) or experimentally induced inflammation (Melchior et al.,
2004). Increased tryptophan utilization is also reported during other situations of long-
lasting immune activation such as cancer (Denz et al., 1993; Liu et al., 2010), acquired

immunodeficiency syndrome (AIDS) (Huengsberg et al., 1998), major trauma (Pellegrin et al.,


https://en.wikipedia.org/wiki/Carboxylic_acid
https://en.wikipedia.org/wiki/Indole
https://en.wikipedia.org/wiki/Aromatic_hydrocarbon

2005) and autoimmune, inflammatory diseases (e.g. MS) (Wolf et al., 2004). Metabolic
disorders of the Kyn pathway are linked to the pathogenesis and progression of various
chronic diseases. Dysregulations were discovered in diseases involving the central nervous
system (CNS) (e. g. Multiple Sclerosis, Alzheimer’s disease or Parkinson’s disease (Campbell
et al.,, 2014; Vécsei et al.,, 2013) and several internal pathologies (e.g. diabetes mellitus

(Cervenka et al., 2017) and cancer (Platten et al., 2019).

Acute and chronic exercise have been shown to have strong influence on Trp metabolism
(Metcalfe et al., 2018). Systematic physical activity and exercise interventions are assumed
to have anti-inflammatory effects depending on the exercise modality, thus potentially
reducing the risk and progress of several chronic diseases. Modifications in the kynurenine
pathway may signify a link between inflammatory responses following acute exercise and
chronic anti-inflammatory properties, such as increased levels of T (Koliamitra et al.,
2019). Treqs consist of a subpopulation of T cells that modulates the immune system, sustains
tolerance to self-antigens, and prevents autoimmune diseases. The mechanisms under
which this tolerance is mediated are not well understood, but there are findings that have
connected tryptophan catabolism through the kynurenine metabolic pathway as one of
many mechanisms involved. The enzymes that break down tryptophan through this pathway
are found in numerous cell types, including cells of the immune system (Moffett &
Namboodiri, 2003). Some of these enzymes are induced by immune activation like IDO.
Various studies support the idea that, in addition to defense against pathogens, IDO
participates in the regulation of T cell responses (Munn et al., 1999). It has been speculated
that expression of IDO in antigen presenting cells of the immune system may control Tiegs
(Terness et al., 2002). Tregs are immunosuppressive and generally suppress or downregulate
induction and proliferation of effector T cells (Bettelli et al., 2006). Adding all these facts it is
clearly implied that tryptophan breakdown is essential for sustaining aspects of immune

tolerance.

In this content, two original investigations were conducted on the effect of chronic and
acute exercise on Kyn Pathway in persons with MS and healthy women. Supplementary aim
of this thesis was to investigate any possible connection with regulatory T cells and the Kyn
pathway influence. Additionally, a review screening the scientific background on exercise

effects on Kyn Pathway on human subjects was conducted.
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2. Scientific Background

2.1. Tryptophan metabolism

Tryptophan is mainly obtained through nutrition; chicken, eggs, cheese, fish and peanuts are
examples of nutrients known to be high in this amino acid. Much of Trp stays in the guts
whereas the remaining is transferred to the brain, heart and skeletal muscle (Agudelo et al.,
2014; Cervenka et al., 2017). Moreover, only free plasma Trp can run through the blood
brain barrier via large amino acid transporters (LAT) and then be metabolized into neuro-
active substances (Agudelo et al., 2014). The level of free plasma Trp is, however, dependent
on the albumin binding rate. This binding, useful for Trp body transport, can be altered with
albumin levels and with the binding sites availability (Curzon et al., 1973). Definitely, free
fatty acids can also be bound to albumin, subsequently lowering the Trp binding rate and

increasing free plasma Trp levels (Curzon et al., 1973).

The TDO and its isoenzymes indoleamine 2, 3 dioxygenase 1 and 2 (IDO 1 + IDO 2) catalyze
the degeneration of Trp to Kyn, thus demonstrating the very first step of the Kyn pathway. In
contrast to TDO, which is mainly expressed in hepatic tissue and primarily stimulated by Trp
itself or glucocorticoids (Badawy, 2017), IDO can be expressed in almost all types of human
cells (Larkin et al., 2016). IDO1 and IDO2 have been reported to differ in respect to the level
of expression, the effects on peripheral blood metabolites and the enzyme activity in
response to specific physiological conditions. However, knowledge about the more recently
discovered IDO2 is still weak and the differential roles of both enzymes are not fully

comprehended yet (Munn & Mellor, 2013; Prendergast et al., 2018).

Activation of TDO demands high levels of cortisol (Viru et al., 2005). Otherwise, IDO whose
activity is negligible under basal conditions, dramatically increases under the presence of
inflammatory signals (Fuchs et al., 1990). It remains certain that IDO is enhanced by pro
inflammatory cytokines such as IFN-y (Fuchs et al., 1990) but also TNF-a, IL-1pB, IL-6 and IL-8
(Peake et al., 2015). The enzymes' (IDO and TDO) activity is up-regulated when inflammatory
and stress markers are produced and the Kyn pathway is often over-activated in various
pathologies (Chen & Guillemin, 2009). Since the last 20 years, the pathogenesis and
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progression of various chronic diseases have been linked to metabolic disturbances of the
Kyn pathway. Dysregulations were discovered in diseases involving the CNS (e. g. Multiple
Sclerosis, Alzheimer’s disease or Parkinson’s disease (Campbell et al., 2014; Vécsei et al.,
2013) and several internal pathologies (e.g. diabetes mellitus (Cervenka et al., 2017) and

cancer (Platten et al., 2019).

The Kyn pathway metabolites also affect CNS homeostasis. Kyn itself can either be converted
to the neuroprotective kynurenic acid (KYNA) or (over several intermediate steps) to
quinolinic acid (QA), which is closely linked to neuronal excitotoxicity. QA is an endogenous
neurotoxin of the glutamate N-methyl- D aspartate (NMDA) receptor shown to be
neurotoxic, excitotoxic, cytotoxic and to have oxidative action (Meier et al., 2016; Tavares et
al., 2002). On the other hand, KYNA is synthesized from Kyn and is assumed to have neuro-
protective and anticonvulsant effect (Birch et al., 1988). Within the CNS, KYNA and QA act as
antagonist and agonist of NMDA receptor activation respectively, thereby mediating either
neuronal protection or excitotoxicity. In detail, KYNA has been described to act as NMDA
receptor inhibitor, either at the strychnine-insensitive glycine-binding site (at lower
concentrations) or at the glutamate site (at higher concentrations) (Chen & Guillemin, 2009).
Additionally, KYNA is also able to inhibit a7 nicotinic acetylcholine receptors (nAChRs) that
are expressed by glutamatergic axon terminals and involved in high glutamate release
(Vécsei et al., 2013). Since NMDA receptor mediated excitotoxicity characterizes a common
pathological mechanism in different neurodegenerative diseases (Vécsei et al., 2013), the
antiglutamatergic properties of KYNA may have beneficial effects on neurodegenerative
procedures. In regards to QA, the predominant and most-investigated neurotoxic effect is
undoubtedly its activation of the NMDA receptor, leading to excitotoxicity. Nevertheless,
several other neurotoxic aspects of QA have been labelled. These characteristics include the
inhibition of glutamate uptake by astrocytes, the generation of reactive oxygen
intermediates or the suppression of astroglial glutamine synthetase (Guillemin, 2012; Vécsei
et al.,, 2013), emphasizing its strong association with CNS damage. It is interesting that
neurons in certain brain regions, specifically the hippocampus, striatum and neocortex, seem

to be more susceptible to QA than others (Guillemin, 2012).

The homeostasis of this neuroactive branch largely depends on the activity of the enzymes

kynurenine aminotransferases (KATs) and KMO, which catalyze the degradation of Kyn to
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KYNA or QA, respectively. More precisely, the conversion to KA can be mediated by four
different isoforms of KAT (KAT 1-4), whereas the conversion to QA proceeds through two
metabolic intermediate products, namely the 3-hydroxykynurenine (3-HK) and 3-hydroxy-
anthranilic acid (3-HAA). Under non-pathological conditions, the vast majority of Kyn is
metabolized to QA, yielding the preferred end product nicotinamide adenine dinucleotide
(NAD), which is highly relevant for oxidative energy production. Based on specific
environmental conditions or if higher levels of Trp or Kyn are present, the metabolic flux
towards KYNA can increase (Cervenka et al., 2017). Regarding the neurotoxic potential along
the Kyn pathway, it is not unexpected that central and/or peripheral dysregulations in
metabolites and enzyme activities are associated with various neurodegenerative disorders,
such as Alzheimer’s disease, Huntington’s disease or MS (Vécsei et al., 2013). Taking into
consideration all these neurological diseases, an over-activated Kyn pathway leading to an
accumulation of QA in the CNS as well as a decrease in the neuroprotective KYNA has been
universally linked to pathogenesis or disease progression (Tan et al., 2012; Vécsei et al.,
2013). Pathological QA accumulation encourages neurodegenerative processes involving
neuro-inflammatory environment, a fact that assures CNS damage. As a consequence, KMO-
Inhibitors signify a common therapeutic drug target in several neurological disorders (Vécsei

et al.,, 2013).

Regarding the general physiology of the Kyn Pathway in Tryptophan metabolism and its end
products, Trp is metabolized through three distinct biochemical pathways qualifying for
protein and serotonin synthesis. The Kyn pathway starts with the enzymes IDO1, IDO2 or
TDO catalyzing L-Trp into N-formylkynurenine. Following, kynurenine formamidase turns N-
formylkynurenine into L-Kyn and formic acid. Kyn is then either transformed into anthranilic
acid by kynureninase or altered into L-hydroxykynurenine by kynurenine hydroxylase.
Anthranilic acid hydroxylates resulting in the production of L-hydroxykynurenine. L-
hydroxykynurenine is accordingly transformed to 3-hydroxyanthranilic acid by Kynureninase
and then into aminocarboxymuconic semialdehyde by hydroxyanthranilate dioxygenase. The
semialdehyde produces quinolinic acid and aminomuconic semialdehyde. The last is
followingly transformed into picolinic acid or glutaryl-coenzyme A (CoA) that is metabolized

in the tricarbonic acid cycle and terminal oxidation (Acovic et al., 2018). (Figure 1)
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Figure 1. The Kyn Pathway of TRP Metabolism and its end products.
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2.1.1. Kyn Pathway, Immune System Interactions and Regulatory T cells

Peripheral mononuclear blood cells (PBMCs) have been reported to be possible producers of
IDO (Jones et al., 2015). Based on immune homeostasis, IDO activity is suspected to be
constant and the conversion of Trp to Kyn is almost entirely mediated by TDO under basal
conditions. In contrast, local and systemic inflammatory stimuli provoke a dramatic increase
in IDO1 activity (Platten et al., 2019). In specific, elevated levels of Interferon-gamma (IFN-y)
(Fuchs et al., 1990), but also high levels of Interleukin (IL)-6 and other pro-inflammatory
cytokines (e.g. TNF-a, IL-1B, IL-8) seem to be significant stimuli for enhanced IDO activity
(Peake et al., 2015), resulting in an increased Trp degradation. Specifically, IL- 6 is highly
connected with cortisol levels which appear to regulate innate immune cell function
(Gleeson, 2007). Kyn itself possesses immunomodulatory effects comprising the suppression
of cytotoxic T-cell and natural killer (NK) -cell activity (Mandi & Vécsei, 2012; Munn et al.,
1999; Munn & Mellor, 2013) and mediating the differentiation of T, (Chung et al., 2009).
Evidence suggests that the IDO1-mediated adaptation of Kyn activates the aryl hydrocarbon

receptor (AhR), which plays a key role in T-cell differentiation (Mezrich et al., 2010).

KYNA has been able to weaken inflammation caused by different stimuli (e.g.
lipopolysaccharide stimulus- LPS) after investigation on various leukocyte cell types. In that
case, KYNA diminishes tumor necrosis factor (TNF) expression (Steiner et al., 2014; Tiszlavicz
et al., 2011; J. Wang et al., 2006; Wirthgen et al., 2014) and interleukin 4 release in T-cell

receptor stimulated invariant natural killer-like T cells (iNKT) (Fallarini et al., 2010).

KYNA is a ligand of the G-protein coupled receptor 35 (GPR35) (J. Wang et al., 2006) and the
AhR receptors (DiNatale et al., 2010; Platten et al., 2015). High levels of KYNA are formed
under various inflammatory and tumor diseases, a fact showing that under these
circumstances KYNA levels are plenty in order to activate these receptors (Platten et al.,
2015). Except for its role in GRP35- and AhR-mediated signals, KYNA plays a significant role
also as an antioxidant and reactive oxygen species (ROS) scavenger (Lugo-Huitron et al.,
2011; Pérez-Gonzalez et al., 2015). This fact proves that KYNA acts preventing tissue damage
generated by exceeding inflammation. Additionally, generation of the KYNA synthesis part of
Trp metabolism may also be related to the synthesis of other Trp metabolites, such as
serotonin or melatonin. Serotonin and melatonin act like immune regulators possibly able to
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influence immune response (Reiter et al., 2006; Shajib & Khan, 2015). A number of
immunoregulatory functions have been credited to serotonin, for example serotonin
stimulates monocytes and lymphocytes and hence influences the secretion of cytokines. T-
cell activation can also be mediated by serotonin (Arreola et al., 2015; Herr et al., 2017).
Melatonin enhances both innate and cellular immunity. It stimulates the production of NK
cells and cluster of differentiation 4 (CD4+) cells and inhibits CD8+ cells (Srinivasan et al.,
2005). Their sufficiency can be challenged by KYNA production through the reduction of the
necessary substrate Trp, or by direct inhibition of their synthesis, or induction of their

degradation (Wirthgen et al., 2018).
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2.1.2. Kyn Pathway and MS

MS is a demyelinating disease in which the insulating covers of nerve cells in the brain and
spinal cord are injured. This damage disrupts the ability of parts of the nervous system to
transmit signals, following a range of signs and symptoms, including physical, mental, and
sometimes psychiatric problems (Compston & Coles, 2008). MS takes several forms, with
new symptoms either occurring in isolated attacks (relapsing forms) or building up over time
(progressive forms)(Lublin & Reingold, 1996). Between attacks, symptoms may totally
disappear; however, permanent neurological problems often remain, especially with the
advancement of the disease (Lublin & Reingold, 1996). RRMS is characterized by
unpredictable relapses followed by periods of months to years of relative quiet (remission)
with no new signs of disease activity. Deficits that occur during attacks may either resolve or
leave remaining problems, the latter in about 40% of attacks and being more common the
longer a person has had the disease (Compston & Coles, 2008; Tsang & Macdonell, 2011).
This describes the initial course of 80% of individuals with MS (Compston & Coles, 2008).
SPMS occurs in around 65% of those with initial relapsing-remitting MS, who eventually have
progressive neurologic decline between acute attacks without any definite periods of

remission (Compston & Coles, 2008; Lublin & Reingold, 1996).

Chronically elevated Kyn/Trp ratios have been reported in persons with MS (Lim et al., 2017),
although alterations in Trp metabolism seem to be dependent on the subtype of disease
(Aeinehband et al., 2016). High L-kynurenine and N-formyl-kynurenine levels measured in
the serum of persons with MS seem to reflect IDO activation (Sadowska-Bartosz et al., 2014).
Additionally, increased L-kynurenine/Trp ratio was detected after handling with INF-_,
involving IDO activation as a potential method of action of INF-_ products which are widely
used for MS treatment (Amirkhani et al., 2005). Before treatment, IDO expression in PBMCs
was analogous in acute MS relapse to that shown in healthy controls. During relapse and
remission there has been increased and decreased global AhR activity reported in the serum,
indicating the role of the endogenous AhR agonist L-kynurenine (Rothhammer et al., 2017).
During relapses in RRMS patients, KYNA levels and KAT activity in the red blood cells (RBC)
seem to increase (Hartai et al.,, 2005). All these facts constitute high IDO activation and

downstream kynurenine metabolism during acute inflammatory aggravations in MS.
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2.2. The Kyn pathway and exercise

This chapter is replaced by the first publication, which is summarized below. The original

article is found in the appendix.
Publication 1:

Physiology and Behavior: 2018 194:583-587
Acute and chronic effects of exercise on the Kynurenine Pathway in humans — A brief

review and future perspectives
Alan J Metcalfe#, Christina Koliamitra#, Wilhelm Bloch and Philipp Zimmer

#Author’s shared first authorship

This brief review investigated the effect of acute and chronic exercise interventions on Trp
and Kyn metabolism in healthy and diseased populations. It revealed that acute physical
exercise appears to decrease levels of Trp and increase levels of Kyn. This effect appears to
be consistent across both healthy and diseased populations. In contrast, according to studies
that have examined the chronic effect of exercise and the relationship between different

modes of exercise on levels of Trp and Kyn, results seem to be contradictory (Table 1).

Table 1: Effect of acute and chronic exercise intervention on markers of Trp metabolism and

the Kyn pathway in healthy and diseased human exercise performance studies.

Author/s Participants Exercise Intervention Outcome
measurements

Acute Exercise

N KYN

(Strasser et al., 33 trained athletes (17 20 min maximal cycling time- & TRP

2016) women/16 men) trial
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Author/s Participants Exercise Intervention Outcome
measurements
18 active males 1. 150-km road cycling ™ KAT
-9 acti les ( time trial
(Schlittler et al., n == active males {non- 2. Half marathon run T KYNA
2016) endurance)
n =9 active males 3. 100 drop jumps <> KAYA
(endurance)
(Lewis et al., 2010) 25 healthy participants Marathon run ™ KYNA

57 Multiple sclerosis

1 TRP (RMMS only)

(Bansietal., 2018) n =33 RRMS LoHIT . .
2. Continuous training &S KYN
n =24 SPMS
n = 12 Normal glucose
(Mudry etal., tolerance Cycling 30 min at 85% heart V TRP
2016) rate max
n =12 Type 2 diabetes
Chronic Exercise
12-weeks, 3 groups (3x60
min/week):
(Millischer et al., 117 mild-to-moderate . & KYN
2017) depression 1. Light (yoga)
P 2. Moderate (aerobics) <KYNA
Intensity (aerobics + strength)
38 major depression < KYN
(Hennings et al., n = 27 somatisation 7-days activity (30min/day low
. . . . JTRP
2013) syndrome -intensity physical activity)
n = 48 healthy controls
Kii I <> KYN
(Kuster etal, 17 risk of dementia 10-weeks physical training
2017) EKYNA
57 Multiple sclerosis -week
3-weeks, < KYN
(Bansi et al., 2018)  n =33 RRMS 1. HIT
' . - JTRP (RMMS only)
n =24 SPMS 2. Continuous Training

(Strasser et al.,
2016)

(Melancon et al.,
2014)

29 trained athletes
n = 14 probiotic group
n =15 placebo group

16 healthy senior men

12 weeks, endurance training

16-weeks aerobic training (45
min treadmill 3x/wk,
moderate intensity)

JTRP
N KYN

N TRP availability
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3. Questions

1. Does acute exercise exposure activate the Kyn Pathway in middle aged healthy female

subjects? Is there a connection between Kyn pathway activation and regulatory T cells?

2. Does acute and chronic exercise exposure affect Kynurenine Pathway in patients with

secondary progressive and relapsing remitting multiple sclerosis?
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4. Methods and Results

The methods and results section is replaced by a summary of the publications underlying this

thesis. The original publications are included in the appendix.

Publication 2:
Journal of Sports Science and Medicine 2019 18: 669-673

Do Acute Exercise-Induced Activations of the Kynurenine Pathway Induce Regulatory T-

Cells on the Long-Term? — A Theoretical Frame Work Supported by Pilot Data

Christina Koliamitra, Florian Javelle, Niklas Joisten, Alexander Shimabukuro-Vornhagen,

Wilhelm Bloch, Alexander Schenk and Philipp Zimmer

Regular physical activity and exercise interventions are suspected to have anti -inflammatory
effects depending on exercise modality, thereby potentially reducing the risk and progress of
several chronic diseases. Alterations in the kynurenine pathway may represent a link
between inflammatory responses following acute exercise and chronic anti-inflammatory
properties, such as in-creased levels of T.g. Here, we hypothesized that acute exercise
activates the kynurenine pathway and physical fitness is associated with proportions of
circulating anti-inflammatory T, in older healthy women. Nineteen older healthy female
participants (55 years (SD: + 5.6)) completed a cardiopulmonary incremental exercise test
(CPET) with spirometry on a bicycle ergometer until exhaustion with maximum oxygen
uptake (VO,may) a@s outcome. Blood samples were taken before (TO) and one minute after (T1)
the CPET. Levels of tryptophan, serotonin and kynurenine were determined by enzyme-
linked immuno-sorbent assays. Flow cytometry was used to identify proportions of T-cell
subsets. Both, kynurenine (p = 0.003, d = 0.40) and the kynurenine/tryptophan ratio (p =
0.034, d = 0.48) increased significantly after acute exercise. Moreover, participants’ VO,max
was strongly correlated with T, levels (p < 0.001, r = 0.689). This is the first study indicating
a kynurenine pathway activation following acute exercise in older healthy women. The
observed correlation between T, levels and VO,..,. emphasizes a potential link between

short-term upregulated kynurenine levels and longer-term anti-inflammatory properties of
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exercise. Future re-search is needed to clarify to what extend acute exercise-induced

activations of the kynurenine pathway contribute to T, differentiation.

Publikation 3:
Journal of Neuroimmunology 2018 314:101-105

Persons with secondary progressive and relapsing remitting multiple sclerosis reveal

different responses of tryptophan metabolism to acute endurance exercise and training

Jens Bansi#, Christina Koliamitra#, Wilhelm Bloch, Niklas Joisten, Alexander Schenk,

Matthew Watson, Jan Kool, Dawn Langdon, Ulrik Dalgas, Jiirg Kesselring, Philipp Zimmer

#Authors share first authorship

Disturbances in Tryptophan metabolism play a crucial role in MS. Exercise is suspected to
counteract the progress of MS and its side effects. Current research suggests alterations of
Tryptophan metabolism in healthy individuals in response to exercise. We investigated the
influence of acute aerobic exercise and training on Tryptophan metabolism in 57 in persons
with RRMS (n=33) and SPMS (n=24) MS. Serotonin increased after training, whereas the
kynurenine pathway was only activated in persons with RRMS. Further research is warranted
to investigate whether these changes are associated with clinical measures (e.g. depressions

and immune function).

22



5. Discussion

In this part, the questions raised above, are discussed with regards to the results presented

in the studies as well as in the context of the current research literature.

1. Does acute exercise exposure activate the Kyn Pathway in middle aged healthy female

subjects? Is there a connection between regulatory T cells?

This publication (Appendix, p.40) consists the first time that acute endurance exercise has
been shown to considerably activate the Kyn pathway in middle aged healthy women.
Endurance capacity —as an indirect marker of fitness level- has been reported to be positively

correlated with T levels in this age group.

In the first publication of this thesis mentioned in the introduction (p.9), it has been reported
that a single session of exhaustive endurance exercise is capable of activating the kynurenine
pathway (Metcalfe et al., 2018), a fact that is justified here as well by the increased
kynurenine and Kyn/Trp ratio of the sample examined. Possible reasons for the increased
ratio could be a short-term inflammatory signal (Wang et al., 2015) - in this case triggered by
acute exercise- initiating the Kyn pathway. Particularly, serum levels of pro-inflammatory
cytokines, such as Interleukin-1 and Interleukin-6 increase in response to acute exercise
(Fischer, 2006; Pedersen & Saltin, 2015; Walsh et al., 2011). Additionally, acute exercise is
assumed to modify blood cortisol and free tryptophan concentrations (O’connor & Corrigan,
1987; Strasser, Geiger, Schauer, Gatterer, et al., 2016). Both aspects have previously been
shown to be activators of TDO, a consecutive expressed liver-specific isoenzyme of IDO
(Badawy, 2017). However, we did not observe any significant change in Trp levels in
opposition to Strasser et al. who have shown a significant decrease of Trp after exercise.
Although, it is worth to underline that both studies are hardly considered equivalent since
the participants (older women vs. young athletes) and exercise protocols/duration (CPET:
15.8 minutes vs. CPET + 20 minutes maximum time trial >30 minutes over-all) strongly differ.
Regarding cortisol, studies uncover inconsistent results on acute exercise-induced effects
(Hayes et al., 2015). Consequently, it cannot be dismissed that the observed increase in

kynurenine and Kyn/Trp ratio is also driven by an induction of TDO.
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Opposing to the elevated Kyn/Trp ratio, results of this publication reveal no changes in the
Trp/Serotonin (SER) ratio. This fact shows that the Kyn pathway is activated by acute

exercise but there is no equivalent influence on the peripheral serotonin metabolism.

Previously, enhanced endurance capacity has been discovered to correlate with increased
Treg NumMbers and proportions in athletes (Weinhold et al., 2016). Corresponding to these
results, this publication revealed an equivalent association. Therefore, the findings of this
publication support that repeated short term increases of kynurenine levels, as it occurs
after every session of acute exercise, may result in a long term increase in T,.g. However, it
should be taken into consideration that the discovered connection between acute increases
in biomarkers - in particular kynurenine - and long-term adaptions — in particular induction
of Tregs - seems mainly difficult to justify in longitudinal in vivo studies. The products of
tryptophan metabolism, such as indoleamine 2, 3-dioxygenase, kynurenine, quinolinic acid,
and melatonin, may improve immunity in an organism and induce anti-inflammatory
responses. The immune tolerance processes mediated by tryptophan metabolites are not
well understood. Recent studies have reported that the enzymes that break down
tryptophan through the kynurenine metabolic pathway are found in numerous cell types,
including immunocytes. Moreover, some tryptophan metabolites have been shown to play a
role in the inhibition of T lymphocyte proliferation, elevation of immunoglobulin levels in the

blood, and promotion of antigen-presenting organization in tissues (Bai et al., 2017).

To conclude, answering the first question of this thesis, acute exercise exposure is able to
activate the Kyn Pathway in middle aged healthy women. This group consists of a population
at risk for several diseases (Tice et al., 2006), although it is a rather small sample size that
was not compared to a control group. Kyn pathway parameters in this study were measured
with enzyme-linked immunosorbent assay (ELISA) although the gold standard method is
ultra-high-performance liquid chromatography (HPLC) coupled to electrospray ionization
triple—quadrupole mass spectrometry and should be prioritized by future studies when
possible. Furthermore, certainly more research is necessary to shed light on whether this
activation is a consequence of changes in IDO/TDO initiation and activity. Further research
should be performed regarding gene expression, protein analysis and an extensive variety of
markers such as KYNA or QA to cover the neuroregulatory bench of the Kyn pathway,

perhaps also in different clinical population groups. It is remarkable to mention that this age
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group is related with low-grade systemic inflammation, a state in which tissues express high
levels of inflammatory factors and immune cell infiltration (Leén-Pedroza et al., 2015).
Inflammation aims to restore tissue homeostasis after injury or infection. Activation of Trp
metabolism along the Kyn pathway prevents hyperinflammation and induces long-term
immune tolerance (Sorgdrager et al., 2019). Systemic Trp and Kyn levels change upon aging
(Sorgdrager et al., 2019), a fact that should be further investigated in similar middle-aged
groups. Additionally, there is connection - previously described also in athletes - between
exercise and T,z quantities (as a marker of anti-inflammatory potential) in older women.
Further investigations are considered essential to strongly improve the statement of this
publication that an increase in Teqs is encouraged by repetitive exercise induced increases in
kynurenine levels and also investigate it on a mechanistic level. It should be taken into
consideration that this connection between increase in biomarkers like Kyn and long-term
adaptations like the induction of T..gs appears hard to prove in longitudinal in vivo studies.
There are two theories that have been proposed to explain how tryptophan catabolism
facilitates immune tolerance. One theory suggests that tryptophan breakdown suppresses T
cell proliferation by dramatically reducing the supply of this critical amino acid. The other
theory proposes that the downstream metabolites of tryptophan catabolism act to suppress
certain immune cells, probably by pro-apoptotic mechanisms. Merging these disparate views
is crucial to comprehend immune-related tryptophan catabolism and the roles it plays in
immune tolerance (Moffett & Namboodiri, 2003). High T, levels offer a strong anti-
inflammatory potential as defence against undesired immune reactions (Lei et al., 2015),
cardiovascular diseases and neurological diseases, a fact that can prove essential for any

risks related to this age population.
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2. How does acute and chronic exercise exposure affect Kynurenine Pathway in patients

with secondary progressive and relapsing remitting multiple sclerosis?

Patients with RRMS are patients who face relapses of MS and periods of stability in between
relapses. Patients with SPMS go through phases of relapse followed by remission at first, but
this later gives way to progressive disease, worsening symptoms with few or absence of
remission. This MS subgroup analysis was conducted since Trp metabolism alterations seem
to be dependent on the subtype of disease (Aeinehband et al., 2016). Lower Kyn levels in
both SPMS and RRMS patients were connected to an increased cardiorespiratory fitness
level. Since IDO activity is known to be up-regulated by inflammatory stimuli, these findings
support the evidence that frequent physical exercise has anti-inflammatory properties
(Hojman, 2017; Weinhold et al., 2016). Additionally, regular exercise seems to increase KAT
expression in skeletal muscle leading to an increased Kyn breakdown in individuals with a
higher cardiopulmonary fitness (Agudelo et al., 2014). Nevertheless, in this publication
elevated resting Kyn/Trp ratio and decreased Trp levels after high intensity training (HIT) and
control training (CT) in RRMS patients is also detected. Kyn/Trp ratio constitutes a marker for
disease activity. Elevated ratio during or after inpatient rehabilitation may mean higher
demand of amino acids such as Trp since a Trp increase results in an elevated Kyn/Trp ratio.
Another scenario is that Trp actually decreased due to a transmission to muscle tissue to
cover the elevated need of amino acids for protein synthesis after training. In contrast to
RRMS patients, the training interventions did not change Trp and Kyn/Trp ratio in patients
with SPMS. These findings are in accordance with those of Millischer et al. who did not find
any chronic alterations of Trp metabolism in persons with major depression (Millischer et al.,
2017). Different responses of Trp metabolism could be argued by the already strongly
decreased Trp levels in patients with SPMS or by their almost significantly increased cardio-

pulmonary fitness.

As previously shown in healthy subjects, acute exhaustive exercise activates the Kyn
pathway in RRMS patients (Strasser et al., 2016). According to evidence, this activation is
mainly driven by strongly elevated levels of inflammatory mediators such as IL-6 and IFN-
gamma during and directly after acute exercise, thereby activating IDO (Schrécksnadel et al.,
2006; Walsh et al., 2011). Once more, persons with SPMS did not reveal the expected

response of Trp metabolism. Further research has to reveal if this lack of response is due to
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the decreased Trp baseline levels or if this may be influenced by their increased physical

fitness at baseline.

Regarding 5-hydroxytrypramine receptors (5HT), patients with RRMS and SPMS showed
similar responses to acute exercise and training. Contrary to results suggesting an observed
increase in 5HT after acute exercise, there was no statistical significance found. However,
significantly elevated 5HT levels were found in both patient groups after the three-week
interventions. In healthy persons, acute exercise resulted in increased serum 5HT levels
(Zimmer et al., 2016), a fact that is probably owed to a shear stress-induced release of 5HT

of platelets (Lu et al., 2013).

Although peripheral 5HT is not capable of crossing the blood brain barrier, it has been
proven that peripheral and central 5HT levels are closely connected (Audhya et al., 2012).
There is need of further research to examine the exercise-induced increases in 5HT. Since
data in RRMS patients reveal a negative correlation between 5HT levels and Kyn, it seems

reasonable that more Trp is metabolized to 5HT than is degraded within the Kyn pathway.

To sum these findings up, their clinical relevance regarding persons with MS requires to get
clarified under further investigation. To this context, animal models could provide new
information on direct effects of exercise-induced alterations in Trp metabolism on the
central nervous system. On one hand this may suggest that the reduction of potential
neurotoxic agents (QA and KYNA) as a result of systemic and central decrease in Kyn and its
metabolites could prove advantageous. Kyn pathway parameters have a strong association
with MS subtype, connecting with disease severity forms since KYNA can act as
neuroprotective and QA as a neurotoxic marker (Lim et al., 2017). There is a possibility that
evaluating the Kyn pathway metabolites into detail may explain the transition from RRMS
subgroup to a SPMS disease type and may provide potential therapeutic insights in
decelerating neurodegeneration in MS. On the other hand, exercise-caused higher Kyn levels
could result in immune system adaptations (for example T increase) which are closely
associated to respond to chronic inflammation and an immune over-activation (as they act in
MS). The analysis and investigation on Kyn pathway metabolomics and especially KYNA and
QA which was here missing, seems essential to drive useful conclusions on the metabolic flux
and further comprehend any neurotoxicity dimensions. Additional investigation in this

research area should also take into consideration other MS subtypes, more promising
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exercise models (for example resistance exercise) and a wider variety of Trp metabolites and
enzymes such as KYNA, QA and KAT not only as blood based biomarkers but also compared
to those in the CNS. The range of metabolites of tryptophan in the CNS, including serotonin,
KYNA, QA and melatonin points towards a need for integrative approaches to understand
the functional consequences of tryptophan metabolism in the CNS (Ruddick et al., 2006).
Kynurenines play an anti-inflammatory role also in CNS disorders such as Huntington's
disease, Alzheimer's disease and MS, in which signs of inflammation and neurodegeneration

are involved (Huang et al., 2020).

To conclude, the question stated is confirmed demonstrating the different responses of
chronic and acute exercise on Tryptophan metabolism in SPMS and RRMS. This is the first
study to validate the different responses of Trp metabolism to acute and chronic exercise in
these groups, shaping new questions in this area. It is suggested for future studies to
estimate Trp metabolism through the gold standard methods of HPLC coupled with MS.
Moreover, there is demand for additional research on whether the demonstrated
modifications have impact on targets of Trp metabolites, such as immune function,

depression and cognitive performance in persons with MS.
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6. Conclusion and Outlook

The first study of this thesis is a systematic review collecting any existing knowledge and
scientific background regarding acute and chronic effects of exercise on Tryptophan
metabolism. Going through all the populations examined in this topic, it seemed obvious
that there are age populations as well as neurological patients missing, a fact that should be
considered in subsequent publications aiming to shed light on the responses of middle aged
women and persons with MS. The studies presented are the first to investigate the effects of
endurance exercise on Trp metabolism in middle aged women and persons with MS. They
showed that acute exercise exposure is able to activate the Kyn Pathway in middle aged
healthy women, whereas patients from different MS subgroups show different responses
when exposed to chronic and acute exercise as well. Both studies reveal several hints that
future research should focus on, regarding T.egs and their anti-inflammatory potential against
health challenges related to this age group and how different metabolism responses in MS
subgroups can constitute a key to reveal new prevention or therapeutic insights for different
subforms of neurological diseases. Acute activation resulting in higher Kyn/Trp ratio and
increased T proportions can potentially provide significant immune system response
through neuroprotection or reasonable immunomodulatory effects. In the future, different
exercise modalities in terms of intensity and duration, but also endurance and strength
training should be considered in order to further investigate different Trp metabolism
responses. Further studies should examine the Kyn pathway responses in terms of chronic
effects of exercise since there is poor scientific input on this matter. There should be an
understanding on how exercise can target increase in T levels and how middle aged groups
can profit from their anti-inflammatory immune responses on cardiovascular or neurological
diseases. Additional insights should be provided in the future regarding any neuroprotective
properties of KYNA in metabolic flux and T,egs proportions induced by regulating AhR ligands.
Further studies need to follow, which should shed light on how Kyn pathway metabolomics
respond both in blood and central nervous system in different types of neurological
diseases. Combinations of chronic and acute training according to different patient

characteristics could reveal valuable information of mechanisms that remain unclear so far.
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8. Appendix

Publication 1:

Physiology and Behavior: 2018 194:583-587

Acute and chronic effects of exercise on the Kynurenine Pathway in humans — A brief

review and future perspectives

Alan J Metcalfe#, Christina Koliamitra#, Wilhelm Bloch and Philipp Zimmer

#Author’s shared first authorship

Tryptophan (TRP) is an essential amino acid. Metabolites of TRP have been identified as
important mediators in immune regulation and function of the central nervous system.
Inflammation strongly stimulates to the breakdown of TRP into Kynurenine (KYN),
representing the initial step of the KYN pathway. Recently, exercise interventions have been
able to demonstrate a modification of the KYN pathway plausibly by altering inflammation.
However, modifications differ between acute and chronic exercise interventions. As such,
this review examines the current studies that have investigated the effect of an acute (single
bout) or chronic (training) exercise intervention on levels of TRP and KYN in both healthy and

diseased populations.

39



Publication 2:

Journal of Sports Science and Medicine 2019 18: 669-673

Do Acute Exercise-Induced Activations of the Kynurenine Pathway Induce Regulatory T-

Cells on the Long-Term? — A Theoretical Frame Work Supported by Pilot Data

Christina Koliamitra, Florian Javelle, Niklas Joisten, Alexander Shimabukuro-Vornhagen,

Wilhelm Bloch, Alexander Schenk and Philipp Zimmer

Regular physical activity and exercise interventions are suspected to have anti-inflammatory
effects depending on exercise modality, thereby potentially reducing the risk and progress of
several chronic diseases. Alterations in the kynurenine pathway may represent a link
between inflammatory responses following acute exercise and chronic anti-inflammatory
properties, such as increased levels of regulatory T-cells (Treg). Here, we hypothesize that
acute exercise activates the kynurenine pathway and physical fitness is associated with
proportions of circulating anti-inflammatory Treg in older healthy women. Nineteen older
healthy female participants (55 years (SD: + 5.6)) completed a cardiopulmonary incremental
exercise test (CPET) with spirometry on a bicycle ergometer until exhaustion with maximum
oxygen uptake (VO2max) as outcome. Blood samples were taken before (TO) and one minute
after (T1) the CPET. Levels of tryptophan, serotonin and kynurenine were determined by
enzyme-linked immunosorbent assays. Flow cytometry was used to identify proportions of
T-cell subsets. Both, kynurenine (p = 0.003, d = 0.40) and the kynurenine/tryptophan ratio (p
= 0.034, d = 0.48) increased significantly after acute exercise. Moreover, participants’
VO2max was strongly correlated with Treg levels (p < 0.001, r = 0.689). This is the first study
indicating a kynurenine pathway activation following acute exercise in older healthy women.
The observed correlation between Treg levels and VO2max emphasizes a potential link
between short-term upregulated kynurenine levels and longer-term anti-inflammatory
properties of exercise. Future research is needed to clarify to what extend acute exercise-

induced activations of the kynurenine pathway contribute to Treg differentiation.
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Publikation 3:

Journal of Neuroimmunology 2018 314:101-105

Persons with secondary progressive and relapsing remitting multiple sclerosis reveal

different responses of tryptophan metabolism to acute endurance exercise and training

Jens Bansi#, Christina Koliamitra#, Wilhelm Bloch, Niklas Joisten, Alexander Schenk,

Matthew Watson, Jan Kool, Dawn Langdon, Ulrik Dalgas, Jiirg Kesselring, Philipp Zimmer

#Authors share first authorship

Disturbances in Tryptophan metabolism play a crucial role in MS. Exercise is suspected to
counteract the progress of MS and its side effects. Current research suggests alterations of
Tryptophan metabolism in healthy individuals in response to exercise. We investigated the
influence of acute aerobic exercise and training on Tryptophan metabolism in 57 in persons
with RRMS (n=33) and SPMS (n=24) MS. Serotonin increased after training, whereas the
kynurenine pathway was only activated in persons with RRMS. Further research is warranted
to investigate whether these changes are associated with clinical measures (e.g. depressions

and immune function).
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