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Summary

Multiple sclerosis (MS) is an autoimmune, chronic inflammatory, demyelinating
neurodegenerative disease of the central nervous system. The disease usually appears in young
adulthood and is three times more common in woman. More than 2 million people worldwide
suffer from MS. After years, with the progression of the disease, a permanent disability may
gradually develop, which places a great burden on the patient, his narrower and wider

environment. The root causes include genetic, lifestyle and environmental factors.

The cuprizone (CPZ) model is a toxin-induced demyelination rodent model of the MS, which
is widely used to investigation the molecular factors that contribute to the demyelination and
remyelination processes. The histopathological lesions induced by the CPZ toxin treatment
are similar to the changes of type 111 MS lesion pattern. Despite intensive research on MS, its
exact pathomechanims is still not fully understood, and further analysis is necessary.
However, the described similarities make this animal model suitable and appropriate for

studying the pathomechanims of MS.

A significant part of the breakdown of the essential amino acid tryptophan takes place via the
kynurenine pathway (KP), and the serotonin pathway. During the degradation, various
neuroactive metabolites are produced, which have a notable biological role in different
physiological processes. The role of the KP in neurological pathologies has become
increasingly well-known, as differences in the concentration levels of some metabolites in the

pathway have been detected in various neurodegenerative diseases, including MS.

We used the CPZ toxin-induced demyelination rodent model, which represents the
progressive form of the MS, to investigate the differences in the concentrations of the
metabolites produced in tryptophan breakdown, at different times of the CPZ treatment and
recovery period, thereby completely mapping the KP.

During our investigation, we experienced significant decrease in the levels of various KP
metabolites, including anthranilic acid, 3-hydroxy-L-kynurenine, kynurenic acid and
xanthurenic acid, as well as a notable increase in the concentration of tryptophan during the
toxin treatment, in the periphery and central nervous system, which differences disappeared
in the recovery period. Our results allow us to conclude that CPZ treatment can affect certain

metabolites of tryptophan degradation in demyelination and remyelination processes.



Introduction

Multiple sclerosis

Multiple sclerosis (MS) is one of the most common non-traumatic, immune-mediated, chronic
inflammatory, demyelinating, multifocal and progressive disease of the central nervous
system (CNS) [1,2], which can be characterized by the lesions caused by demyelination, loss
of axons and oligodendrocytes, gliosis, axonal damage, and loss of neurons in the brain and
spinal cord [3-8]. Worldwide, approximately 2.8 million people suffer from this disease [9].
MS usually appears in young adulthood, placing a heavy burden on those affected by the
disease, society and the economy [10,11]. The MS can be typified by gender differences,
which is affecting the severity and occurrence of the disease [12]. In the case of men, generally
the disease has a worse course, with a rapid accumulation and progression of disability, but
the appearance of the disease is much more common among woman [12-14]. The specific
root cause of the disease is not yet completely clear however, various environmental, genetic
and epigenetic factors may contribute to the development of the MS, for example Epstein-
Barr virus infection, exposure to ultraviolet B radiation, vitamin D status, smoking, obesity in
childhood, and the individual genetic background contributes to all of this [2,12,15,16].

The exact pathomechanism of the disease, as well as the various molecular and metabolic
processes behind the neuro-axonal damage are not completely clear, however oxidative stress
largely contributes to the progression of MS, causing neuronal and axonal injury [17,18].
Furthermore, the malfunctioning and regulation of the immune system, the disturbances in the
balance of pro- and anti-inflammatory cytokines, the disruption of the blood-brain barrier, and
the activation of glial cells are also important influencing factors [19-23]. CNS infiltration of
peripheral T and B immune cells, and macrophages, as well as the CNS reactivity of astrocytes
and microglia, cause excessive production of inflammatory cytokines and reactive oxygen
species (ROS), which ultimately results in oxidative stress in addition to reduced antioxidant
activity [22,24]. Based on research, in addition to oxidative stress and inflammatory responses
mediated by the immune system, other neurodegenerative processes, including glutamate
excitotoxicity and mitochondrial dysfunction also contribute to the pathogenesis and

progression of MS [18].

In some cases, MS begins with as a clinically isolated syndrome (CIS) involving one or more
CNS regions on the MRI including an acute-subacute clinical event. In some cases, the CNS
inflammation allows the immediate diagnosis of relapsing remitting (RR) MS. The CIS can
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transform into a RR form (RRMS). In this form of the disease is characterized by worsening
and improving phases, i.e. every clinical event is usually followed by recovery form it [25—
27]. Furthermore, in RRMS, demyelination, T and B cell inflammatory reactions, microglial
activation, mitochondrial damage, its dysfunction and lack of energy; as well as oxidative
damage can be observed, which ultimately leads to the formation of plaque [28,29]. However,
recovery from relapses is not complete; and disability accumulates over time, and years later,
the RRMS form of the disease transforms into a secondary progressive multiple sclerosis
(SPMS) in a significant number of patients [25,27,30,31]. When additional atrophy and axon
damage occur in the white and gray matter, probably with neurodegenerative processes, but
less inflammation [25,29,32]. Nevertheless, to a lesser extent, MS can also begin with the
progressive form of the disease (PPMS) [25,27,33], which can be characterized by spinal cord
dysfunction, further microglial activation with atrophy, more diffuse axon loss of the brain,
and neurodegeneration with energy deficit and oxidative damage [25,28,29]. However,
disability can accumulate irreversibly at any stage of the disease through two main
mechanisms, the progression independent of relapse activity (PIRA) and relapse-associated
worsening (RAW) [34,35]. PIRA is mainly related to an underlying neurodegenerative
component and can be considered one of the most important mechanisms in MS [34-38]. If
PIRA is the leading event in the disease course, it is considered to be the most unfavorable
prognostic sign [35]. For this reason, appropriate treatment of the disease is extremely
important. Current treatments concentrate on reducing disease activity, treating attack and
alleviating symptoms with disease modifying therapies (DMT) [39]. DMT influence the
course of MS by suppressing or modulating the functions of the immune system, thereby
preventing or delaying long-term disability [2,39]. Treatments of the MS can be
immunomodulatory (as interferon-beta, glatiramer acetate, teriflunomide), and
immunosuppressant (such as fingolimod, natalizumab), during which continuous therapy is
required to permanently suppress disease activity and inflammation. However, there are
immune reconstitution therapies (for example cladribine, alemtuzumab), which are short-term
treatments to achieve lasting immunological effects [39]. Recently, the NEDA point of view,
i.e. “no evidence of disease activity” has become widespread in the MS therapy, which means
that the patient is not showing symptoms of radiological and clinical activity. Radiological
activity is characterized by new or enlarging T2 lesions or new Gd enhancing lesions, until
clinical activity is characterized by releases or confirmed disease progression by 3 or 6 month.
Brain atrophy is difficult to detect and can progress even without obvious inflammatory

disease activity, and continuous inflammatory MRI activity that exceeds clinical relapses. In
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cases of high clinical activity, more specialized, highly efficacious treatments are justified in
the first instance [2]. Furthermore, symptomatic treatments include pharmaceutical and
physical therapies too, that target symptoms resulting from damage of the CNS, as fatigue,
cognitive impairment, neuropathic pain, bladder dysfunction and spasticity. These treatments
usually are not MS specific, however, they are extremely crucial for patients with MS in the

treatment of disabling symptoms [2,25].

Cuprizone model, as the multiple sclerosis rodent model

For the investigation of the MS pathomechanism, there are several animal model, among
others bis(cyclohexanone)oxaldihydrazone (cuprizone, CPZ) toxin-induced demyelination
model. The CPZ model is excellent for examining molecular factors and pathological changes
that contribute to demyelination and remyelination processes, in the lack of peripheral
immune response, and without disruption of the BBB [21,40—42]. Copper (Cu?"), is a cofactor
of many copper enzymes and plays an important role in various cellular processes, therefore
any disturbance in its homeostasis can result in neurodegeneration [21]. The CPZ toxin is a
copper chelating agent that selectively induces apoptosis of mature oligodendrocytes [41,43],
which toxicity can results from disrupting the very active metabolism of oligodendrocytes
[21]. CPZ affects the function of the mitochondrial respiratory chain by inhibiting certain
mitochondrial complexes [21]. Furthermore, megamitochondrial formations were recorded
during intoxication in oligodendrocytes and liver, but no signs of poisoning were observed,
among others neurons, microglia, astrocytes or heart cells or oligodendrocyte precursor cells,
only in mature oligodendrocytes (for a detailed review, see [21]). This megamitochondrium
formation is the consequence of the effect of increased ROS and reactive nitrogen species
(RNS), it can be considered a defense mechanism of the cell, by which it tries to reduce
oxidative stress [44]. The lack of adenosine triphosphate (ATP) and increased concentration
of ROS/RNS, caused by megamitochondrium formation disrupts the normal endoplasmic
reticulum function, this damages protein and lipid synthesis, which results in the degeneration
of the oligodendrocyte perikaryon and finally the disintegration of the myelin sheath [21].
However, poisoning-induced mature oligodendrocyte cell death is not evenly distributed in
the CNS, with extensive demyelination observed in the corpus callosum, cortex, striatum,
hippocampus and cerebellum, as well as to a limit extent in the brainstem and spinal cord [40].
CPZ can also induce axonal damage in white and gray matter regions, which damage can
cause loss of synaptic connections and thus lead to functional deficits and prolonged disability
(for a review, see [40]). Furthermore, CPZ provokes glutamate excitotoxicity/synaptotoxicity
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through its effect on the expression of glutamate receptor subunits in corpus callosum, cortex,

or hippocampal neurons [40,45,46].

In the first few weeks of CPZ treatment, oligodendrocytosis begins, followed by microglia,
macrophage and astrocyte activation. In addition, demyelination can also be observed, which
damage becomes more severe in the 4-5 weeks of the treatment, this is the “acute phase” of
the treatment [40,47,48]. The increased glia activity enables the removal of myelin debris
produced during the damage, but this glial reactivity further aggravates oligodendrocytosis
and the demyelination process [40,47,49,50]. However, if the CPZ treatment is discontinued,
rapid regeneration occurs, when mature oligodendrocytes are formed from the
oligodendrocyte progenitor cells during remyelination and the gliosis gradually ceases
[21,40,47,48,51]. Chronic CPZ treatment exceeding 12 weeks results in extensive gliosis,
severe demyelination, reduced body weight of animals and higher mortality, and the efficiency
of the remyelination is also significantly limited; this chronic phase already models the later
stages of the MS disease [40,52,53].

The CPZ toxin-induced demyelination rodent model is highly relevant in the study of the
pathomechanism of MS, since this model represents the progressive phase of the disease. In
MS 4 different lesion subtypes have been described [54]. Types | and Il are believed to be
autoimmune-mediated, defined by limited oligodendrocyte dystrophy and the involvement of
immunoglobulin G/complement complexes, while lesion pattern 1l and 1V are characterized
by primary oligodendrogliopathy with depletion and apoptosis of mature oligodendrocytes
and the relatively intact BBB. However, the common feature of all 4 subtypes is infiltration
of macrophages and T-lymphocytes, as well as myelin oligodendrocyte glycoprotein (MOG),
proteolipid protein (PLP), myelin basic protein (MBP), or myelin associated glycoprotein
(MAG) reduction [21,40,54-56]. The type Il lesion pattern shows several similarities with
the lesions caused by the CPZ toxin, including active demyelinating lesions presence of few
T cells, but a significant involvement of microglia and macrophages, or hypoxia-like tissue
damage with metabolic stress and mitochondrial deficit, which cause oligodendrocyte
apoptosis [21]. During CPZ poisoning, the BBB remains unaffected, which limits the
infiltration of T and B cells, i.e. peripheral immune cells, into the CNS. Thus, the CPZ model
can be suitable for the examination and full exploration the underlying mechanisms involved
in the progressive stages of MS, which processes are independent of the infiltration of adaptive
immune cells into the CNS [40,57]. These similarities during the demyelination process, as

well as the joint study of the remyelination phase, which can be easily influenced by the length
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of the CPZ toxin treatment, make the CPZ model advantageous and relevant in the

investigation of the pathomechanims of MS.

Tryptophan metabolism

The essential amino acid tryptophan (TRP) is metabolized to a significant extent,
approximately 95%, though the kynurenine pathway (KP), which takes place in astrocytes,
neurons, microglia, and macrophage cells; and a lesser extent via the serotonin pathway [58—
61] (Figure 1.). The metabolism of TRP can be associated with the functioning of the nervous
system, inflammation and immune system processes [62]. The serotonin pathway produces,
among others 5-hydroxy tryptophan, serotonin or melatonin. Serotonin, as a neurotransmitter,
participates in the regulation of neuroendocrine functions, and plays an important role in
inflammatory diseases of the CNS, including MS [62,63]. However, the vast majority of TRP
Is degraded by the KP, the first step of which is the conversion of TRP to I-kynurenine (KYN)
catalyzed by indoleamine 2,3-dioxygenases (IDOs) and TRP 2,3-dioxygenase (TDO)
enzymes. Subsequently, in three branches different metabolite are formed from KYN, such as
kynurenic acid (KYNA) by kynurenine aminotransferases (KATS), kynureninase (KYNU)
enzyme catalyzed the conversion of KYN to anthranilic acid (ANA), and kynurenine 3-
monooxygenase (KMO) is responsible for the formation of 3-hydroxy-L-kynurenine (3-HK).
Furthermore, on the one hand, xanthurenic acid (XA) can be formed from 3-HK. On the other
hand, 3-HK can be degrade to 3-hydroxyanthranilic acid (3-HANA), from which among
others picolinic acid (PICA), quinolinic acid (QUIN) are formed and finally nicotinamide
adenine dinucleotide (NAD+) is produced at the end of the KP [58,62] (Figure 1.).

Various neuroactive metabolites are formed during TRP degradation, such as KYNA and
PICA, which are thought to be neuroprotective; and the QUIN and 3-HANA, which are
considered neurotoxic [64,65]. KYNA influences glutamatergic neurotransmission on
glutamatergic receptor subunits, it is a competitive antagonist on N-methyl-D-aspartate
(NMDA) receptors, and has a weak antagonistic effect on amino-3-hydroxy-5-methyl-4-
isoxazolepropionic (AMPA) and kainate receptors [66—68]. In addition, it indicates a
significant immunomodulating role, that KYNA is also a strong aryl hydrocarbon-receptor
ligand [69]. Furthermore, KYNA is thought to be protective at certain concentrations by
scavenging ROS [58,69]. Nevertheless, QUIN is a competitive NMDA receptor agonist,
which can induce glutamatergic excitotoxicity, thereby causing neuronal cell death [64,70,71].
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In the KP, several abnormalities have been observed in various neurodegenerative disorders,
including MS [58,64,68,72,73]. In the progressive form of the disease, there was a decreased
in KYNA level, while in relapsing MS the pathway has shifted towards QUIN [74,75].
Furthermore, increased QUIN and decreased KYNA and PICA concentration were observed
in the cerebrospinal fluid of MS patients [58]. In addition, the KYNA level increased during
relapse, while it decreased in the remission phase. Recently, a decreased in the 3-HK

concentration was reported in the serum of MS patients [76].

Kynurenine pathway

Tryptophan
TPH I./TPIV \DOS:‘TDO
Kynureninase - .
S-Hydroxytryptophan L-Kynurenine — Anthranilic acid
AADC J KATV \(MO
. . . N S 'f‘
5-Hydroxytryptamine Kynurenic acid 3-Hydroxy-L-kynurenine hy‘:;}l’fy“ll t‘fon
AANAT l KAV \(ynureninase
HIOMT l . . e .
Xanthurenic acid 3-Hydroxyanthranilic acid

Melatonin l 3-HAO

2-Amino-3-carboximuconate-
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Noncnzymﬂti:/ \CMSD
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Serotonin pathway
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Figure 1. The serotonin and kynurenine pathway of tryptophan breakdown. 3-HAO: 3-
hydroxyanthranilate oxidase; AADC: aromatic-L-amino-acid decarboxylase; AANAT: aryl
alkylamine  N-acetyltransferase; ACMSD:  a-amino-carboxymuconate-semialdehyde-
decarboxylase; HIOMT: hydroxyindole-O-methyltransferase; 1DOs: indoleamine 2,3-
dioxygenases; TDO: tryptophan 2,3-dioxygenase; KATSs: kynurenine aminotransferases;
KMO: kynurenine 3-monooxygenase; NAD™: nicotinamide adenine dinucleotide; TPH1/TPH2:
tryptophan 5-hydroxylase; QPRT: quinolinate phosphoribosyltransferase.
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Aims

After the successful establishment of the CPZ toxin-induced MS rodent model, our
plans included the examination of the concentration of TRP, 5-HT, L-KYN and
KYNA metabolites in the serotonin and kynurenine pathways of TRP metabolism, as
we hypothesized that in MS detected KP shifts and deviates, such as reduced levels of
TRP and KYNA, as well as an increased KYN concentration can also be found in the
CPZ model.

Based on our previous results, the further goal of our examination was the detailed
mapping of the metabolites involved in the kynurenine pathway of the TRP
degradation during the CPZ toxin treatment and recovery phase. We assumed that, in
addition to KYNA, other neuroactive metabolites in the KP may also show differences
as a result of CPZ. Presumably, the concentration of some neurotoxic metabolites, for
example QUIN and 3-HANA increases, while the levels of XA and ANA, which are

believed to be neuroprotective, decrease.
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Materials and methods

Animals

In our investigations, eight-week old male C57BI/6J mice were used (n = 224). The animals
were bred and maintained under standard laboratory conditions with 12 h-12 h light/dark
cycle at 24 £ 1 °C and 45-55% relative humidity in the Animal House of the Department of
Neurology, University of Szeged. The investigations were in accordance with the Ethical
Codex of Animal Experiments and were approved by the Ethics Committee of the Faculty of
Medicine, University of Szeged, and the National Food Chain Safety Office with a permission
number of X1/1101/2018. The animals were housed in polycarbonate cages (530 cm? floor
space) in groups of 4-5. Prior to the start of the experiments, all animals were acclimated to
grounded standard rodent chow for 2 weeks, and animal’s weight was measured every other
day, thus monitoring the health status of the mice during acclimatization. Furthermore, during
the entire duration of our experiments, in both the CPZ treatment (demyelination) and the

recovery (remyelination) phase, we measured the animal’s body weight every other day.

I.  Analysis of TRP metabolism following the setting of the CPZ toxin-

induced demyelination rodent model

Treatment

In our investigations, during the setting of the CPZ model [22], half of the experimental
animals (n = 52), as the CPZ group, were given a diet containing 0.2% CPZ toxin (bis-
cyclohexanone-oxaldihydrazone; Sigma-Aldrich) for 5 weeks mixed into a grounded standard
rodent chow with free access to water. For control group (CO), age and weight-matched
animals were used, which had rodent chow and free access to water. At the end of 5-week
CPZ treatment (demyelination period), half of the animals in the CPZ treated (n = 36) and
control (n = 28) groups were randomly chosen and sacrificed. The surviving animals (CPZ n
= 18; CO n = 14) participated in a 4-week recovery phase (remyelination period). At the end
of 4™ week, the remaining animals were sacrificed too, sample collection purpose. During the
examination, at the end of demyelination and remyelination phase, behavioral tests were
performed (Figure 2.) [22].
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Figure 2. Timeline of the experimental procedure used [22]. CPZ: cuprizone; CO: control;
IHC: immunohistochemical studies; HPLC: High-performance liquid chromatography; n: the
number of animals. ¥One animal died in cage at the beginning of the remyelination phase in
the CPZ treated group and at the end of the remyelination phase, an animal also died in the
CO group before perfusion. *Sample collection was randomly selected in the CPZ treated-

and the CO group.

Prior the perfusion, animals were anesthetized with intraperitoneal 4% chloral hydrate (10
ml/kg body weight). The mice were perfused transcardially with artificial cerebrospinal fluid
followed by 4% paraformaldehyde in 0.1 M phosphate buffer for the histological and
immunohistochemical (IHC) studies (CPZ: n = 16, CO: n = 8). Brain samples were dissected
and postfixed in the 4% paraformaldehyde overnight at 4°C. Brains were embedded in
paraffin, coronally sectioned in 8 um thickness obtained from different regions (0.14, -0.22, -
1.06, and -1.94 mm) according to the mouse brain atlas of Paxinos and Franklin (2001) and
placed on gelatin-coated slides [77]. For bioanalytical measurements, the animals (CPZ: n =
20, CO: n=20) were anesthetized and perfused as described above. Blood samples were taken
from the left heart ventricle into Eppendorf tubes containing 5% disodium
ethylenediaminetetraacetate dihydrate (EDTA) and the plasma was separated by
centrifugation (3500 rpm for 10 min at 4 °C). The brains were dissected into five different
brain regions, including the cerebellum, brainstem, striatum, somatosensory cortex and
hippocampus. All samples were removed on ice and stored at -80 °C until further use. The
CPZ treated and recovered mice were marked as groups demyelination (DEM) and
remyelination (REM), respectively, whereas age matched animals, as controls became the
CO1- and CO2 group.
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Behavioral tests

The testing procedures were performed during the light phase (between 8 a.m. and 12 p.m.)
in a quiet room, after 1 hour of habituation. During the investigation, we performed the open
field test, each animal (n = 18/group) in CPZ treated and CO groups was placed in the center
of an open-field box measuring 48 * 48 * 40 cm for 15 min tracking periods (analyzed in three
5 min periods). The movement patterns of the animals were tracked and recorded with the
Conducta 1.0 system (Experimetria Ltd.). The parameters recorded were the ambulation
distance, the time spent in immobility and the total time spent with consecutive rearing [78].
Open field measurements were carried out in the 3™, 4" and 5™ week of CPZ poisoning and
in the 3" and 4" week of the remyelination phase, once a week on the same day.

To determine the effects of CPZ treatment on motor function we applied the rotarod test. The
animals in the CPZ and CO groups (n = 18/group) were trained on the rotarod for a 3-session
period for 5 min on 2 consecutive days prior to the first test day. On the first and second days
of the training sessions, a constant speed of 5 and 10 rpm respectively, was used. The
investigation was performed on the 3rd, 4th and 5th week of CPZ intoxication and on the 3rd
and 4th week of the recovery phase, once a week on the same day following the training
sessions. The performance of each mouse was measured three times with resting periods of
30 min between consecutive tracking sessions. The latencies to fall values were recorded with
the TSE Rotarod Advanced system. In the test phase, rodents were placed on a rotating rod,
with a constantly increasing speed from 5 to 40 rpm during the 300 min test period. On the
day before the respective test day, a 3 session retraining at 10 rpm for 5 min with 30 min

resting periods was carried out to enable the animals to recall the rotarod experience [78].

Immunohistochemistry and intensity measurement analysis

For immunohistochemical analysis gelatin-coated slides were deparaffinized, rehydrated and
heat-unmasked in 10 mM citrate buffer. Sections were blocked with 0.3% hydrogen peroxide
in phosphate-buffered saline (PBS) solution and incubated with the primary antibody diluted
in a solution containing 0.1 M PBS and 10% normal goat or horse serum overnight. Anti-glial
fibrillary acidic protein (GFAP, 1:500, rabbit 1gG, Dako, Agilent) for astrocyte visualization
and anti-myelin basic protein (MBP, 1:500, mouse 1gG, Abcam) to detect myelin were
applied. Adequate biotinylated secondary antibody was used and the ABC Kit (Vectastain Kit,
Vector Laboratories) and 3,3’-diaminobenzidine (DAB) reaction was used for visualization.
For measurements an Axiolmager M2 microscope, equipped with an AxioCam MRc was
applied. Rev 3 camera (Carl Zeiss Microscopy) and AxioVision 4.8 software (Carl Zeiss
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Microscopy, Germany) program were used. Quantification of astrogliosis was performed by
manual cell counting of the GFAP-immunopositive cells in the corpus callosum. Intensity
measurement was applied to determine myelin content with MBP staining.

Myelin damage was evaluated with luxol fast blue - cresyl violet (LFB/CV) staining. The
brain slides were deparaffinized, rehydrated with 95% alcohol and incubated in a 0.01% LFB
solution overnight at 60 °C, after that the sections were differentiated in 0.05% lithium
carbonate solution and counterstained with CV. The myelin content was determined by

intensity measurement after LFB staining.

High-performance liquid chromatography (HPLC) measurement

Chromatographic separation was carried out with a validated method, as described before
[79]. Briefly, on the day of measurement, plasma and brain samples were deproteinized by
precipitation, as described before [79]. The mobile phase, in each case was a 200 mM zinc
acetate solution, at final pH of 6.2 for plasma, and 5.8 for brain tissue samples, with a final
concentration of 5 % of acetonitrile. Regarding the LOD values, in brain samples it was 0.259
nmol/g ww for KYN and 1.82 for KYNA, whereas in plasma samples it was 1.33 nM for
KYNA.

Statistical analysis

For the quantitative evaluation of GFAP-immunopositive cells and the analysis of intensity
measurement of LFB and MBP statistical differences were determined by one-way analysis
of variance (ANOVA) followed by the Sidak or Tamhane's T2 post hoc test depending on
variances of data, with p < 0.05 taken as statistically significant. For statistical comparison of
the body weight and behavioral measurements, we used two-way repeated measures ANOVA.
Pairwise comparisons of group means were based on the estimated marginal means with Sidak
or Tamhane's T2 post hoc test with adjustment for multiple comparisons. Group values are
described as means = SEM, analyses were performed in SPSS Statistics software (version 20.0
for Windows, SPSS Inc). Regarding the HPLC measurements, if the distribution (Shapiro—
Wilk test) was proven to be Gaussian and the variances were equal (Levene test) ANOVA
was used with Tukey HSD post hoc test for pairwise comparison, otherwise Kruskal-Wallis,

with the Wilcoxon post hoc test was applied. Data were plotted as median (1st—3rd quartile).
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1.  Mapping of metabolites concentration involved in the kynurenine
pathway TRP metabolism in the CPZ-induced rodent model

Treatment

Similar to our previous study, half of the experimental animals (n = 80) were administered
0.2% CPZ toxin (bis-cyclohexanone-oxaldihydrazone; Sigma-Aldrich) for 5 weeks with food
containing, mixed into a grounded standard rodent chow with free access to water. The age
and weight-matched control (CO) animals (n = 80) were fed normal rodent chow and had free
access to water. At the end of the 1%, 34, and 5™ weeks, 16 animals were randomly chosen
from both CO and CPZ groups and terminated for further analysis. Thus, at the end of the
demyelination phase, 96 animals were terminated (n = 96, 48 CPZ-treated, and 48 control
animals). The surviving animals (n = 64, 32 CPZ treated, and 32 control animals) underwent
the recovery period for 4 weeks and at the end of the 2" and 4" weeks of the remyelination
phase they were sacrificed (Figure 3). The animals were terminated according to our previous
investigation [22]. The mice were anesthetized with intraperitoneal 4% chloral hydrate (10
mL/kg body weight). For the histological and immunohistochemical studies, mice (CPZ: n =
30, CO: n = 30) were perfused transcardially with artificial cerebrospinal fluid followed by
4% paraformaldehyde in 0.1 M phosphate buffer. Brain samples were dissected and postfixed
in the same fixative overnight at 4 °C. Brains were embedded in paraffin, coronally sectioned
in 8 um thickness obtained from four diverse regions (0.14, -0.22, -1.06, and -1.94 mm)
according to the mouse brain atlas of Paxinos and Franklin (2001) and placed on gelatin-
coated slides [77]. For bioanalytical measurements, the animals (CPZ: n = 50, CO: n = 50)
were anesthetized and perfused as described above. Blood samples were taken from the left
heart ventricle into Eppendorf tubes containing 5% EDTA and plasma was separated by
centrifugation (3500 rpm for 10 min at 4 °C). The brains were dissected into five distinct brain
regions, including the cerebellum, brainstem, striatum, somatosensory cortex, and
hippocampus. All samples were placed on ice and stored at -80 °C. The samples were marked
as groups of DEM, REM, or CO.
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Figure 3. Timeline of the experimental procedure applied in this study [41]. CO: control
group; CPZ: cuprizone group; IHC immunohistochemical studies; n the number of animals;
UHPLC-MS/MS: Ultra-high performance liquid chromatography with tandem mass

spectrometry; *: random sample selection

Histological analyses and myelin content determination

Myelin damage was estimated by LFB/CV staining, using with same protocol, as for the CPZ
mouse model setup. Briefly, the brain slides were deparaffinized, rehydrated with 95%
alcohol, incubated in a 0.01% luxol fast blue solution overnight at 60 °C, after that the sections
were differentiated in 0.05% lithium carbonate solution and counterstained with CV. For
measurements of the stained sections were taken using a Zeiss Axiolmager M2 microscope,
supplied with an AxioCam MRc Rev. 3 camera (Carl Zeiss Microscopy). Zeiss Zen 2.6 (blue
edition)® image analysis software program was used. LFB/CV staining was performed to
determine the degree of myelin damage, then the corpus callosum was marked on each section
based on the mouse brain atlas, and intensity measurement was applied on this designated area

in order to determine myelin content.

Ultra-High-Performance Liquid Chromatography with Tandem Mass Spectrometry

Measurement

All reagents and chemicals were of analytical or liquid chromatography—mass spectrometry
grade. TRP and its metabolites, and their deuterated forms: d4-SERO, d5-TRP, d4-KYN, d
KYNA, d4-XA, d5-5-HIAA, d3-3-HANA, d4-PICA, and d3-QUIN were obtained from
Toronto Research Chemicals (Toronto, ON, Canada). d3-3-HK was obtained from Buchem
B. V. (Apeldoorn, The Netherlands). Acetonitrile (ACN) was provided by Molar Chemicals
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(Halasztelek, Hungary). Formic acid (FA) and water were purchased from VWR Chemicals
(Monroeville, PA, USA). Methanol (MeOH) was acquired from LGC Standards (Wesel,
Germany). The preparation of the standards, internal standards (1S), as well as quality control
(QC) solutions were necessary for the measurement, and the preparation of the plasma sample
of animals for analysis, which was based on the description published by Témdsi et al. [80].
The brain samples, after measuring the weight of the five different brain regions, we
homogenized them (UP100H, Hielscher Ultrasound Technology, Germany; amplitude: 100%,
cycle: 0.5) in 3x amount of ice-cooled LC-MS water (for example, 90 puL water was pipetted
to 30.0 mg sample). After that, the same steps as for the plasma samples were performed, with
the difference that the precipitation was carried out with 100% acetonitrile. Then, plasma
samples and brain regions were measured according to the previously published methodology
using UHPLC-MS/MS [81]. Multiple reaction monitoring (MRM) transition of PICA was
124.0/106.0 using 75 V as declustering potential and 13 V as collision energy, retention time:
1.21 min.

Statistical Analysis

For the statistical analysis of body weight, two-way repeated-measures ANOVA was applied.
For the densitometric analysis of LFB/CV statistical differences were determined by one-way
analysis of variance (ANOVA), then depending on the variances of data, Sidak or Tamhane’s
T2 post hoc test was used. Pairwise comparisons of group means were based on the estimated
marginal means with Sidak or Tamhane’s T2 post hoc test with adjustment for multiple
comparisons. Group values were given as means + SEM, analyses were performed in SPSS
Statistics software (version 20.0 for Windows, SPSS Inc. IBM, Armork, NY, USA).
Regarding the UHPLC-MS/MS measurements, all statistical analyses were performed with
the help of the R software (R Development Core Team). After checking for its assumptions
(checking for outliers, Shapiro and Levene tests), we performed two-way ANOVA with
estimated marginal means post hoc tests to determine significance between treatment groups,
measurement times, and their interaction. In case of the assumptions were not met, we used
the Sheirer—Ray—Hare test with Dunn test as post hoc. Type | errors from multiple
comparisons were controlled with the Bonferroni method. We rejected null hypotheses when

the corrected p level was < 0.05, and in such cases, the differences were considered significant.
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Results

I.  Analysis of TRP metabolism following the setting of the CPZ toxin-

induced demyelination rodent model

Body weight measurement

During our investigation, already on the third day of the CPZ treatment, a significant decrease
was detected in the body weight of the CPZ treated group compared to the CO group (Figure
4). This difference remained until the end of the demyelination phase. However, this disparity
disappeared in the first few days of the recovery phase and the body weight of the two groups
was in the same range by the end of the experiment.
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Figure 4. Differences in body weight of animals during investigation. The CO group is
depicted with white diamonds and CPZ toxin treated group is depicted with gray triangles.
The demyelination and remyelination period are indicated with blue and red arrows, as the
two major parts of the experiment. CO: control group; CPZ: cuprizone treated group, *: p <
0.05 vs. CO, ***: p < 0.001 vs. CO. The data are presented as mean £ SEM.

Determination of damage caused by cuprizone toxin treatment

The 5-week CPZ treatment caused an extensive myelin damage within the corpus callosum at
the end of the demyelination period, which is illustrated by the MBP (Figure 5) and LFB/CV

staining (Figure 6, Figure 8B-C). However, the degree of demyelination decreased by the 4™
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week of the recovery phase. Furthermore, the GFAP immunostaining (Figure 7) showed a
significant astrogliosis in the area of corpus callosum in CPZ-treated animals compared to the

control group, both in the demyelination and remyelination phases (Figure 8A).
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Figure 5. Determination of myelin content by MBP staining in the CO (A), CPZ DEM (B)
and CPZ REM (C) group. In the CPZ-treated group (B), a reduced myelin content was
observed, which increased in the remyelination phase (C). Scale bar: 200 um. CO: control
group, CPZ: cuprizone treated group, DEM: demyelination phase of the CPZ-treated group,
MBP: myelin basic protein, REM: remyelination phase of the CPZ-treated group.
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Figure 6. LFB/CV staining in the corpus callosum of the CO (A), CPZ DEM (B) CPZ REM
(C) group. The CPZ-treated group (B) showed a decreased myelin content compared to the
CO group (A), which elevated during the remyelination phase (C). Scale bar: 200 pum. CO:
control group, CPZ: cuprizone treated group, DEM: demyelination phase in the treated group,
LFB/CV: luxol fast blue - cresyl violet, REM: remyelination phase in the treated group.
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Figure 7. GFAP immunostaining in the area of the corpus callosum of the CO (A), CPZ DEM
(B) and CPZ REM (C) group. In the CO group (A) only a small number of astrocytes were
detected in the area of the corpus callosum. However, during CPZ treatment an extensive
astrogliosis was observed in the CPZ group (B), which persisted until the end of the
remyelination phase (C). Scale bar: 200 pum. CO: control group, CPZ: cuprizone, DEM:
demyelination group, GFAP: glial fibrillary acidic protein, REM: remyelination group.
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Figure 8. Effect of CPZ administration on myelination of the corpus callosum in the CO,
DEM and REM group. Immunohistochemical staining for GFAP (A) in the area of the corpus
callosum, where the quantification of astrogliosis was done by manual cell counting. MBP
(B) and LFB/CV (C) staining for myelin content determination by intensity measurement. Our
results show that the CPZ treatment caused an extensive astrogliosis and a significant decrease
in myelin content in the CPZ-treated group compared to the CO group. CO: control group,
DEM: demyelination group, GFAP: glial fibrillary acidic protein, LFB/CV: luxol fast blue -
cresyl violet, MBP: myelin basic protein, REM: remyelination group, *: p < 0.05 vs. CO, **:
p<0.01vs.CO, ¥: p<0.05vs. REM, ***: p < 0.001 vs. CO, ###: p <0.001 vs. CO. The data

are presented as mean + SEM.
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Behavioral analyzes

During the weeks of the CPZ treatment and the recovery phase, no significant differences
were observed between the CPZ- and CO groups in any of the measured parameters in either
the open field test (Figure 9), or in the rotarod test (Figure 10).
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Figure 9. Results of the open field behavioral analyze. Data are presented as the total
ambulation distance in the CO, CPZ DEM and CPZ REM groups. CO: control group, CPZ:
cuprizone treated group, DEM: demyelination phase in the treated group, REM: remyelination
phase in the treated group, W: week, n = 18/group. The data are presented as mean + SEM.
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Figure 10. Result of the rotarod behavioral test. Data are presented as the total time spent on
the rod in the CO, CPZ DEM and CPZ REM groups. CO: control group, CPZ: cuprizone
treated group, DEM: demyelination phase of the treated group, REM: remyelination phase
of the treated group, W: week, n = 18/group. The data are presented as mean + SEM.

Determination of tryptophan metabolites by HPLC analyses from brain and plasma

samples

During the bioanalytical measurements, we examined the differences in serotonin (5-HT),
TRP, KYN and KYNA concentrations in five brain regions, including the somatosensory
cortex, hippocampus, striatum, cerebellum and brainstem. At the end of the demyelination
phase, a significant decrease in KYNA concentration was observed in the plasma (Figure
11A), hippocampus (Figure 11B) and cortex (Figure 11C), which differences disappeared by
the 4™ week of remyelination period, between CPZ-treated and CO groups. As the data
distribution was not normal (p > 0.05), data were presented as mean (1st and 3rd quartile
range). The boxplots represent only the significant changes observed after the sample
measurements, the other three metabolites (TRP, KYN and serotonin (5-HT)) did not change

significantly in the assessed brain regions.
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Figure 11. Decreased levels of kynurenic acid in the CPZ-treated group (demyelination
group) in plasma and brain regions. n = 10/group, except DEM, where one animal died in cage
after anesthesia. CO1: age-matched control group belonging to the CPZ-treated group (DEM)
in the demyelination phase; CO2: age-matched control group in the remyelination phase, CPZ:
cuprizone; DEM: demyelination phase of the treated group, KYNA: kynurenic acid, REM:
remyelination phase of the treated group, ww: wet weight. *: p < 0.05 vs. CO1, **: p <0.01
vs. CO1, ***: p<0.001 vs. COL, #: p<0.05vs. CO2, ###: p<0.001 vs. CO2, ¥: p<0.05 vs.

REM, ¥¥¥: p <0.001 vs. REM.

Il.  Mapping of metabolites concentration involved in the kynurenine
pathway TRP metabolism in the CPZ-induced rodent model

Body weight measurement
Already in the first few days of CPZ treatment, a significant decrease was observed in the
body weight of the intoxicated animals compared to the CO, which remained unchanged until
the end of the demyelination period and at the beginning of the recovery phase. However,
during the remyelination period, this difference showed a decreasing trend and then
disappeared. Finally, at the end of the investigation, the body weight of the CO and the CPZ-

treated group were in the same range (Figure 12).
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Figure 12. Differences in body weight of animals during investigation. The CO group is

depicted with white diamonds and CPZ toxin treated group is depicted with gray triangles.

The demyelination and remyelination period are indicated with blue and red arrows. CO:

control group; CPZ: cuprizone treated group, *: p < 0.05 vs. CO, **: p < 0.01 vs. CO, ***: p

< 0.001 vs. CO. The data are presented as mean + SEM.

Determination of myelin damage caused by cuprizone toxin treatment

Myelin damage was examined by LFB/CV immunostaining. As a result of poisoning caused
by the CPZ toxin, a significant reduction of myelin in the corpus callosum area was visible in
the 3" week of treatment, and the demyelination was even more extensive in the 51" week of
CPZ treatment. However, in the 2" week of the recovery phase, there were no more signs of
myelin damage on the brain slices (Figure 13), meaning that the remyelination proved to be

effective.
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Figure 13. Luxol fast blue - cresyl violet immunostaining in the corpus callosum area of the
CO and CPZ treated groups in the 1%, 3" and 5", week of CPZ intoxication (DEM), and in the
2" and 4™ weeks of the remyelination phase (REM), which is the 7" and 9" weeks of the
examination. In the 3@ week of treatment, a significant decrease in myelin content was
observed in CPZ-treated group (CPZ w3 vs. CO w3), compared to the CO, which became
even more pronounced by week 5" of poisoning (CPZ w5 vs. CO w5). However, after the
animals stopped consuming the CPZ, no significant differences were seen between the groups
in the remyelination period (CPZ w7 vs. CO w7; CPZ w9 vs. CO w9). Scale bar: 200 um. CO:
control group; CPZ: cuprizone-treated group; DEM: demyelination phase in the treated group;
LFB/CV: luxol fast blue - cresyl violet; REM: remyelination phase in the treated group; w:

week
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Figure 14. Determination the degree of demyelination caused by CPZ treatment in the CO
and CPZ group. LFB/CV immunostaining for evaluation of myelin content by intensity
measurement. In the 3@ and 5" weeks of CPZ intoxication, the CPZ treatment significantly
reduced myelin content in the CPZ group compared to the CO (W3 (DEM) and W5 (DEM)).
However, in the recovery phase, due to remyelination, this difference quickly disappeared
between groups. CC: corpus callosum; CO: control group; CPZ: cuprizone group; LFB/CV:
luxol fast blue - cresyl violet; W: week; **: p <0.01 vs. CO; ***: p <0.001 vs. CO. The data

are presented as mean + SEM.

Ultra-High-Performance Liquid Chromatography with Tandem Mass Spectrometry
Measurement of Kynurenine Metabolites

In our investigation, using UHPLC-MS/MS bioanalytical measurements, we analyzed the
concentration distribution of TRP and different KYN metabolites in plasma samples and five
different brain region, including the cortex, hippocampus, striatum, cerebellum, and
brainstem. These samples were collected on the 1%, 3" and 5 week of CPZ treatment, and on
the 2" and 4™ week of the remyelination phase.

We observed a significant distinction in the concentration of KYNA, 3-HK, and XA of the
plasma samples with regard to the CPZ treatment time and the degree of damage. Because
already, at the 1% week of the CPZ treatment, a significant decrease in the level of the
metabolites was seen, and differences continued until the end of CPZ treatment. However, in

the 2" week of the remyelination phase, these concentration distinctions vanished while the
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concentration of KYNA, 3-HK, and XA was in the same range in both groups in the recovery

period (Figure 15).
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Figure 15. Alterations in the levels of kynurenine metabolites in the plasma of CPZ treated
and CO groups. The CPZ treatment caused a significant reduction in KYNA, 3-HK, and XA

concentrations in the CPZ group, and this dissimilarity persisted until the end of treatment
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(w1, w3 and w5). While the beginning of the remyelination period, these distinctions
disappeared between groups (w7 and w9). 3-HK: 3-hydroxy-L-kynurenine; CO: control
group; CPZ: cuprizone group; KYNA: kynurenic acid; XA: xanthurenic acid; w: week; *: p
< 0.05: **: p < 0.01; ***: p < 0.001: ##: p < 0.01; ###: p < 0.001 compared to week 1; $3$: p
< 0.01; $$%: p < 0.001 compared to week 3; a: p < 0.05; aaa: p < 0.001 compared to week 5.

Furthermore, in the 5™ week of CPZ treatment, we also observed differences in plasma TRP
and ANA concentrations, in addition to KYNA, 3-HK and XA, between CPZ and CO groups
(Figure 16).
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Figure 16. Variations in metabolite levels of plasma samples during the 5" week of CPZ
treatment. As a result of intoxication, we observed significant differences in the concentration
of KYNA, 3-HK, and XA and ANA (nM) (A), as well as TRP (uM) metabolites (B) between
CPZ-treated and CO groups. CO: control group; CPZ: cuprizone group: 3-HK: 3-hydroxy-L-
kynurenine; ANA: anthranilic acid; KYNA: kynurenic acid; TRP: tryptophan; XA:
xanthurenic acid; w: week; **: p <0.01; ***: p < 0.001.

32



During the examination of the brain regions, a remarkable distinction was noticed in the 3-

HK level of the striatum, already in the 1% week of the CPZ treatment. Moreover, in the 3™

week of treatment, in addition to the striatum, a notable decrease in 3-HK level was also

observed in the cortex, hippocampus, and brainstem, which continued in the 5" week of

intoxication and became even more marked in the cortex and the hippocampus regions

(Figure 17).

3-HK week 1

N
a
o

N
o
(=]

Y
(%))
(=]

group E Cco E CcPz

Concentration (pmol/g ww)

m,
{_

o

m—

3-HK week 3
250
£ 200
o
s
gwo-
= L
k] .
® 1001
=
§% - ==
0.
&8
3-HK week 5
2501
£ 200
o
S
§150-
=
S
T 100 L
=
Q
g | =
é 50 °
0.

"

'S

@ &

IS, 2)
By

Figure 17. Changes of 3-hydroxy-L-kynurenine levels in some brain regions during CPZ

poisoning. As the damage caused by the treatment worsened, there was a notable difference



in 3-HK concentrations between the CPZ and CO groups. 3-HK: 3-hydroxy-L-kynurenine;
CO: control group; cer: cerebellum: CPZ: cuprizone group: ctx: cortex; hip: hippocampus;
stem: brainstem; str: striatum; ww: wet weight; *: p < 0.05; **: p < 0.01; ***: p < 0.001.

In addition, at the end of the CPZ treatment, we also found a remarkable difference in the
ANA concentration in the striatum, cortex, hippocampus, and brainstem of the CPZ-treated

compared to the CO group (Figure 18).

Moreover, we found an elevated TRP levels in the cortex and hippocampus in the CPZ group
in the 3 week of demyelination period. Moreover, by the end of the CPZ treatment, we
already observed a difference between the CPZ and CO groups in the striatum too, as well as
this increased TRP concentration became even more evident in the cortex and the

hippocampus by this time (Figure 19).
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Figure 18. Alterations in ANA levels during intoxication. In the 5 week of poisoning, ANA
concentrations were significantly lower in the striatum, cortex, hippocampus, and brainstem
in CPZ-treated group, than the control. ANA: anthranilic acid; cer: cerebellum; CO: control
group; CPZ: cuprizone group; ctx: cortex; hip: hippocampus; stem: brainstem; str: striatum;
ww: wet weight; **: p < 0.01; ***: p < 0.001.
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Figure 19. Alterations of TRP levels in certain brain regions during CPZ intoxication.
Elevated TRP concentration was observed in the cortex and hippocampus of the CPZ treated
group in the 3 week of intoxication. However, in addition to the cortex and hippocampus,
the concentration of TRP also elevated in the striatum of the CPZ group by the 5th week of
treatment. cer: cerebellum; CO: control group; CPZ: cuprizone group; ctx: cortex: hip:
hippocampus; stem: brainstem: str: striatum; ww: wet weight; TRP tryptophan; *: p < 0.05;
**: p<0.01; ***: p <0.001.
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Discussion

Tryptophan metabolites and multiple sclerosis

The complexity of MS may arise from the different severity and course of this demyelinating
disease, as well as from the fact that the specific root cause of MS is still not clear and different
mechanisms may influence the development of the damage [74]. MS is one of the most
common chronic neurodegenerative disease among young adults. Currently, different
therapies are available to treat highly variable courses of MS, but their effectiveness in treating
neurodegeneration and disability is limited [74,82]. Recently, several studies have described
differences in the concentration of certain metabolites involved in the KP of TRP degradation
in various inflammatory and neurodegenerative diseases, including MS [58]. Furthermore,
different TRP metabolite concentrations were distinguished in individual subtypes of MS,
which suggests that the differences and concentration changes experienced during the course
of the disease can even serve as potential biomarkers [58,80]. The degeneration or
inflammatory state of the CNS can activate the KP of TRP metabolism, thereby the expression
of various neuroactive metabolites. Furthermore, the cytokines, which play an important role
in inflammatory and immune processes, contribute significantly to the pathogenesis of MS.
On the one hand, an elevated level of pro-inflammatory cytokines, as tumor necrosis factor
alpha or interferon-gamma has been described before and during relapse period in the RRMS
compared to the control, while in the remission phase, the level of anti-inflammatory cytokines
increased [83]. Pro-inflammatory cytokines increase IDO expression, which activates the KP
[84]. Elevated IDO activity has been experienced, via the KYN/TRP ratio during relapse in
RRMS, but not in remission phase [85]. Furthermore, the higher KYNA/QUIN ratio is
associated with disease progression, because the level of QUIN increases as the disease
worsens, while the KYNA concentration is much lower [75,86]. KP activation can regulate 5-
HT expression by depletion of TRP, because a low 5-HT level was found in MS patients
compared to the control, which may have associated with disability in the RRMS. Moreover,
seasonal lack of 5-HT-derived melatonin is related with relapses in MS, as melatonin plays
an important role in the process of remyelination, via its antioxidant and anti-inflammatory
effects [84,87].

Regarding the pathophysiology of the KP shift, it is very important to emphasize the function
of receptors signaling, the systemic changes of metabolites, or the tissue-specific expression

of KP enzymes [88]. Thus, among the different cell populations of the CNS, as monocytes
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and microglia, astrocytes or neurons, some can express all the metabolites of the pathway,
while others can only express certain components [60,74,89-91]. Metabolic changes of the
KP are not only noticeable in various chronic neurodegenerative diseases, but also between
different forms of some disorders, as well as also within them, during the worsening of the
disease [75,88]. Even within relapsing-remitting, primary and secondary progressive subtypes
of MS, the KP disequilibrium was expressed to a significant extent, and differences in the
concentration of TRP and its metabolites were detected in the serum, plasma, CSF and urine
samples of MS patients [75,92]. Several studies have established the important regulatory role
of TRP metabolism and its metabolites in the proper functioning of the immune system and
its effect on immune cells [92]. Regarding TRP metabolism, increased KYN, and 5-
hydroxytryptophan (5-HTP) levels were visible in the CSF of SPMS patients, while the QA
and QA/KYN ratio are elevated in patients with RRMS [75,93,94]. Furthermore, an elevated
ANA, 3-HK and 3-HANA serum levels and KYN/TRP ratio were detected in MS patients
[75,93]. However, PICA in the serum sample and melatonin in the blood and urine of RRMS,
IDO activity in peripheral blood mononuclear cells, as well as KATI and KATII activity
decreased in the plasma of MS patients. Interestingly, KYNA levels are completely different
in the plasma, serum or CSF samples of patients MS (for a review, see [92]). In the RRMS
form, an increased QUIN level and higher QUIN/KYN and QUIN/KYNA ratios were
experienced during acute relapse [93], but the KYNA concentration was lower in the CSF,
while it was elevated in plasma [80]. Furthermore, a reduced TRP level was described in the
serum and CSF of patients with RRMS compared to the control [80]. However, a higher
KYNA concentration was observed in progressive MS, while the KYNA level was lower
during remission [58,75,86]. Tomosi et al described a decreased KYNA and increased QUIN
level in CSF and serum of SM patients, which caused a high QUIN/KYNA ratio, while the
KYNA/KYN and PICA/QUIN ratio was lower in the MS group than in the control. In
addition, the 3-HK level was higher in CSF in the MS patients [80].

Taking into account the shifts and disequilibrium of KP in several chronic, inflammatory and
neurodegenerative diseases, it is understandable that the metabolites and enzymes of the
pathway can be considered as potential therapeutic targets in many disorders. However, the
knowledge resulting from the abnormal deviations of KP in some subtypes of the diseases is
still limited. Therefore, it is essential to map and understand the pathophysiological processes

behind the imbalance of the KP in order to develop targeted therapies.
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Metabolites of the tryptophan breakdown and cuprizone rodent model

In the recent decades, MS and its CPZ toxin-induced demyelination animal model have been
widely researched. This is not surprising, since many mechanisms have been identified that
can be linked to damage processes and neurodegeneration, as well as countless new research
results have been published in this field. However, TRP metabolism and its KP have not been

the focus of research in the CPZ induced model until now.

Our research group was the first to report the KP deviations in the CPZ mouse model. The
model is suitable for modeling the progressive form of MS, as the main histopathological
appearance of damage caused by poisoning is very similar to the changes in the lesion pattern
of MS types Il and 1V [54,95,96], which characterized by demyelination, oligodendrocyte
apoptosis, as well as microglia and macrophage activation [40].

MS is an extremely complex syndrome with several clinical manifestations. The pathogenesis
of the disease is assumed to be initiated by molecular pathways mediated by both the immune
system (outside-in model) and neurodegeneration (inside-out model), which processes are not
separate from each other, but are important components of the two types, the difference lies
in the timing of the two processes [97]. The basis of the “outside-in” hypothesis is the
autoimmune inflammation as the primary pathogenesis, which is secondarily followed by
myelin damage, while according to the “inside-out” theory, oligodendrocyte injury and myelin
damage are the primary, and followed by activation of the inflammatory response as a
secondary pathogenesis. Based on the inside-out model, in the years before the symptoms
appear, the initial event of the disease is the degradation of oligodendrocytes and myelin
damage, and then these processes can cause secondary autoimmune events, causing
inflammatory demyelination [97]. The CPZ toxin model is suitable for investigation the
inside-out theory, since the treatment results in demyelination gliosis and oligodendrocyte
apoptosis, in the absence of a peripheral immune response, possible due to atrophy of some
immune organs such as thymus or spleen [40,97,98]. In patients with MS, the role of adaptive
immune cells in the pathology of the disease is unquestionable. However, the question arises
whether the immune cells primarily cause the pathology, or they only mediate the normal
immune response to oligodendrocyte apoptosis and myelin damage, according to the outside-
in hypothesis. If the latter is believed to be true, then the search for the identification of the
mechanisms behind the damage is crucial, and the necessity of the CPZ model is indisputable

39



in MS research, since several CPZ studies shed light on demyelination mechanism based

primarily on metabolic sensitivity [99-101].

In the CPZ toxin-induced demyelination animal model, we examined in detail the breakdown
of tryptophan, the distribution of the various metabolites produced during its metabolism with
bioanalytical measurements. Thereby we mapped the distribution of TRP, serotonin and some
kynurenine metabolites in plasma samples and in different brain regions, including the areas
most affected by damage caused by intoxication; as well as the differences in response to CPZ
treatment in the demyelination phase, as well as then in the recovery period during
remyelination. In order to ensure the reliability of the CPZ toxin-induced model and the health
of the animals, we continuously monitored the body weight of the mice. During the CPZ
treatment, the animals’ spontaneous locomotor activity and the movement coordination ability
were analyzed with various behavioral tests. Furthermore, we determined the degree of
damage caused by the treatment in the area of the corpus callosum using

immunohistochemical analyses.

During our studies in the CPZ model, we already experienced a significant difference in body
weight between CO and CPZ groups at the beginning of the treatment, which exist until the
end of the demyelination period, then disappeared during the remyelination phase, and the
body weight of the two groups was the same at the end of investigation. In the analysis of the
open-field and rotarod behavior tests did not show differences between groups. These results
are consistent with literature data, but these are quite controversial [40]. However, our
immunohistological analyzes showed a significant degree of demyelination and astrocyte
activation in the CPZ-treated group compared to the CO in the 5™ week of poisoning. During
the analysis of the brain regions and plasma samples using the HLPC technique, we observed
a significant decrease in KYNA concentration in the plasma, hippocampus and cortex of the
CPZ group, as a result of the treatment, which differences completely disappeared in the

recovery phase and the metabolite level of CO and treated animals moved in the same range.

Our histological results, which are consistent with the literature data [21,40], as well as our
results obtained with the HPLC technique motivated us to investigate how the metabolic
pathway of TRP changes during CPZ treatment and after its withdraw. The samples collected
at different times of the CPZ treatment enabled the monitoring of the degree of myelin damage

and the change in the concentration of metabolites involved in TRP breakdown.
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During the analysis of the histological damage caused by intoxication, there was no difference
in the myelin content between the groups in the 1% week of treatment. However, in the 3™
weeks of intoxication, we already experienced significant myelin damage in the group treated
with CPZ, which became even more pronounced of the 5" week of poisoning and developed
into severe demyelination in the area of the corpus callosum, which condition characterized
by significant demyelination, extensive astrogliosis and microgliosis and severe axonal
damage [21,40,102].

For bioanalytical measurements, UHPLCMS/MS analysis was used to map the metabolites of
TRP degradation. Already at the beginning of the CPZ treatment, we experienced differences
in the concentration of the KYNA, XA and 3-HK in the plasma samples, which remained until
the end of the intoxication, supplemented by the difference in TRP and ANA levels in the
CPZ-treated group, which differences between groups disappeared during remyelination.
Oxidative and endoplasmic stress induced by the intoxication together cause significant OLG
apoptosis already in the few days after the start of CPZ treatment, and by the 3" week of
poisoning, remarkable demyelination develops, a series of cellular and inflammatory events
are activated, which ultimately resulting in demyelination and OLG apoptosis (for a detailed
review, see [21]). Moreover, the toxin treatment changes the plasma amino acid level, which
may result from abnormal liver function due to megamitochondrium formation [103]. In our
studies, as CPZ poisoning progressed, in addition to more pronounced demyelination, we
observed differences in body weight and kynurenine metabolite concentration, which quickly
disappeared during recovery period, this suggests the effectiveness of the remyelination
ability. Not to mention, a significant decrease in ANA and 3-HK concentration and an increase
in TRP level during the demyelination phase in the examination of the brain regions, and the
normalization of the concentration in the remyelination period. Recently, researchers reported
a reduced level of 3-HK among MS patients, which can be linked to microglial activity [76],
and it is also known that microglia are the primary main source of 3-HK [104]. In the CPZ-
induced model, microglial activation starts already in the first weeks of treatment and
continues until the 5" week of demyelination [21,40]. In addition, the blood-brain barrier is
important in the distribution of metabolites, TRP and 3-HK easily pass via the blood-brain
barrier, unlike KYNA, however, the CPZ treatment does not affect the barrier, it remains
relatively intact [21,76,105,106]. Through microglial activation, regulation disorders of TRP-
kynurenine metabolism can be associated with neurodegenerative processes [107-109]. The

relationship between the alteration of the 3-HK level and microglia activation may arise from

41



genetic changeability of enzymes, the variety of enzyme activity location, and the resulting
differences in the levels of TRP breakdown metabolites [76,110]. Nevertheless, reduced 3-
HK levels have been reported in schizophrenic patients [111] and patients with major
depressive disorder [112], which diseases can be related with microglia activation [113-115].
Until now, 3-HK has been regarded as a neurotoxic metabolite, because it provokes cell death
via diverse excitotoxic processes [107,116]. However, 3-HK is quite a contested metabolite,
since in recent years more and more evidence indicates that it is not toxic in all cases. On the
one hand, it can act as a scavenger, or with 3-HANA, it can play a role in preventing further
damage by regulating the redox balance of the brain tissue, but on the other hand, 3-HK can
support oxidative damage depending on the type of cells, pH, and the redox potential
[107,117,118].

According to literature data, XA and ANA are known for their antioxidant function. Based on
studies, XA is able to bind free radicals and superoxide anion, as well as it also inhibits the
inactivation of NADP-isocitrate dehydrogenase by iron, lipid peroxidation, and autooxidation
of hematoxylin [118-121]. Similarly, ANA is also an effective free radical scavenger, in
addition it can influence the synthesis of non-steroidal anti-inflammatory drugs and
respiratory parameters [118,121-123]. Based on these results, ANA and XA may fulfill an
antioxidant function during CPZ treatment, thus trying to reduce the oxidative stress.
Therefore, certain metabolites in the KP are neuroactive, some of them are neuroprotective or
neurotoxic [58]. However, the changes in the concentration of metabolites can be influenced
by the activity of the enzymes in the KP. Thus, the increased TRP concentration in the CNS
may be caused by a decrease in the activity of the enzyme involved in the downward KP, or
by the compensatory mechanisms that provides the availability of TRP metabolite during CPZ
poisoning, or by a combination of these two mechanisms. In a study conducted among MS
patients, an increased TRP concentration was experienced among patients compared to the
control group [124]. Moreover, the enzyme functions of the pathway can also affected by CPZ
poisoning. The changes in the copper level have an impact on the functioning of KAT
enzymes in the periphery [125], which may explain the differences in plasma KYNA and XA

concentrations during intoxication.

Furthermore, as a result of CPZ treatment, the activity of the copper-zinc superoxide
dismutase cuproenzyme is also reduced [96,126,127]. The concentration of copper in the body
is tightly regulated, therefore any disturbance in its homeostasis causes serious

neurodegeneration [21]. Copper has an important role in many cellular processes [21], and it
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is a cofactor for different copper enzymes, such as monoamine oxidase [128], superoxide
dismutase [129], the cytochrome ¢ oxidase family [130], dopamine-hydroxylase [131], as well
as cytochrome c oxidase assembly protein [132,133]. In addition, CPZ treatment also
provoked a serious disturbance in neurotransmitter homeostasis [21]. It regulates the function
of glutamic acid decarboxylase, thus influencing glutamate and gamma-aminobutyric acid
concentrations [134,135], and also has an effect on the levels of norepinephrine and dopamine
through the regulation of dopamine hydroxylase and monoamine oxidase [21,133,136].

During our investigation, we observed a significant decrease in the levels of 3-HK and ANA,
as well as an increase in the concentration of TRP metabolite in certain brain regions of the
toxin-treated group, including the striatum, hippocampus, cortex and brainstem, which areas
are referred to in the literature as severely demyelinated brain regions during CPZ intoxication
[40], since the oligodendrocytosis caused by the toxin is unevenly distributed in the CNS [40],
as well as the dry matter mass of the brain also decreases as a results of CPZ treatment [21].
Thus the differences in the volume of the mentioned brain areas may be linked to the

differences in metabolite levels experienced in certain regions.

In the present study, we confirmed the involvement of the metabolic pathway of TRP
degradation in the CPZ rodent model. Based on the differences in the KP and the changes in
some metabolite concentrations, further questions appear as to the mechanisms behind these
shifts. It may happen that CPZ poisoning affects the functions of certain enzymes in the KP,
thereby affecting the metabolite concentrations; or some neuroprotective metabolites are used
up due to their beneficial effect. Thus reducing the degree of damage and helping
remyelination, but a compensatory mechanism may also arise in the background; or perhaps
completely different processes from these. Nevertheless, the exact role and effect of the
metabolic breakdown of the TRP in the CPZ demyelination model may be clarified by
conducting further research.

Overall, in our investigation, during HPLC and UHPLC-MS/MS bioanalytical measurements,
we experienced a significant decrease in the plasma KYNA, 3-HK, XA and ANA
concentrations of the CPZ-treated group, as well as we observed a notable increase in the TRP
level as a result of the CPZ poisoning (Figure 20). However, we were unable to reproduce the
reduced KYNA concentration obtained with the HPLC method in the mentioned regions by
UHPLC-MS/MS analysis. One of the possible reasons for this is the different sample
preparation processes (precipitation with perchloric acid/ acetonitrile) of the various
bioanalytical measurement methods applied during our studies, and the detection methods are
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also dissimilar (UV-VIS/ UHPLC-MS/MS). Unlike fluorescent detectors, KYNA can be
measured in brain samples in a much narrower concentration range with the UHPLC-MS/MS
method [137]. Nevertheless, as a result of CPZ intoxication, a remarkable decrease in the
levels of 3-HK and ANA was observed in several brain regions, including striatum, cortex,
hippocampus and brainstem, while the concentration of TRP increased in the striatum, cortex

and hippocampus of CPZ-treated animals compared to the control group (Figure 20).
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Figure 20. Alterations in kynurenine pathway metabolite concentrations in plasma and certain
brain regions in response to cuprizone treatment. As a result of intoxication elevated TRP
concentration was observed in the plasma, striatum, cortex and hippocampus of the CPZ treated
animals. Furthermore, reduced KYNA, 3-HK, XA and ANA plasma concentrations were
experienced, as well as decreased 3-HK and ANA levels were visible in the striatum, cortex
hippocampus and brainstem of CPZ treated group compared to the control group during
intoxication. 3-HANA: 3-hydroxyanthranilic acid; 3-HK: 3-hydroxy-L-kynurenine; ANA:
anthranilic acid; KYNA: kynurenic acid; NAD*: nicotinamide adenine dinucleotide; PICA:

picolinic acid; TRP: tryptophan; XA: xanthurenic acid; QUIN: quinolinic acid
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Conclusion

Our study, conducted in the CPZ toxin-induced demyelination animal model, was the first to
report in full detail the kynurenine metabolite profile of TRP breakdown during progressive

demyelination.

In addition to the basic histological analyses, behavioral and physical state assessment, we
revealed the involvement of kynurenine metabolites in the processes of damage caused by
CPZ poisoning on both sides of the blood-brain barrier and then highlighted the effectiveness

of the remyelination ability in the field of TRP metabolism as well.

Our research results can serve as a starting point for further studies, with the help of which we
can get even closer to understanding the processes that cause damage and the mechanisms
connecting TRP degradation, what role certain metabolites can play in the creation of damage,
how they influence the demyelination or remyelination processes. Furthermore, by detecting
these processes, we can get a more transparent picture and get closer to discover the

pathomechanism of MS.

In the near future, the regulation of the amount of certain metabolites may serve as a possible
therapeutic tool in the treatment of MS, as well as may hold potential targets for drug research.
Therefore, the research can serve as a basis for the creation of artificially synthesized
compounds with new attack points, which may present a new therapeutic option in the

treatment of MS.
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