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Abstract: The cuprizone (CPZ) toxin-induce animal model is suitable for studying the 

neurodegenerative processes of multiple sclerosis (MS) and the underlying molecular mechanisms. 

Cognitive decline is widespread in MS and has a marked impact on the quality of life of patients. 

Furthermore, alterations in the kynurenine pathway (KP) of tryptophan degradation are remarkably 

evident not only in MS but also in its CPZ model too. Our aim was to investigate the KP in detail 

while simultaneously analyzing cognitive abilities during long-term CPZ exposure at different time 

points during intoxication and recovery period. In our study, mice were fed with 0.2% CPZ toxin for 

12 weeks followed by a 4-week recovery phase after toxin withdrawal. In the fourth, eighth and 

twelfth weeks of the demyelination period and at the end of the fourth week of the remyelination 

phase, we analyzed the cognitive ability of the animals with the Y-Maze test and we examined the 

distribution of all metabolites involved in the KP of TRP breakdown in plasma and five brain regions 

using ultra-high-performance liquid chromatography with tandem mass spectrometry (UHPLC-

MS/MS) technique. During bioanalytical analyses, we observed discrepancies in the levels of all 

neuroactive metabolites of KP, including anthranilic acid (AA), xanthurenic acid (XA), kynurenic 

acid (KYNA), quinaldic acid (QAA), 3-hydoxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-

HANA), picolinic acid (PA) and quinolinic acid (QUIN), in response to toxin treatment both in the 

periphery and in the CNS. As the treatment progressed, the concentration of metabolites XA, KYNA, 

QAA, 3-HK, 3-HANA moved at drastically lower values, while QUIN or PA showed dynamic 

changes. Nevertheless, we noticed normalization of the metabolite levels upon remyelination. In 

parallel, we determined a notable cognitive decline in the CPZ-treated group. Overall, we identified 

the profile of neuroactive metabolites of the KP in periphery and CNS, as well as cognitive 

impairment during chronic treatment. Consequently, our studies were the first to confirm the link 

between the kynurenine metabolite abnormalities seen in the CPZ model and MS, thereby 

emphasizing the relevance of the kynurenine metabolite profile, opening further opportunities to 

identify and investigate the mechanisms of neurodegenerative processes. 

Keywords: cuprizone; multiple sclerosis; chronic treatment; cognitive dysfunction; tryptophan 

metabolism 
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1. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative disease, which affects more 

than 2.8 million people worldwide [1] and it usually occurs in young adulthood [2,3]. The disease is 

characterized by inflammatory and demyelinating processes that contribute to damage and loss of 

oligodendrocytes and axons, gliosis, as well as neurodegeneration [3,4]. In additional to focal 

inflammatory changes, smoldering disease activity which occurs in the early disease process, is 

characterized by low-grade inflammation and neural dysregulation [3,5]. Smoldering inflammation 

results in diffuse damage and atrophy in white and gray matter, while reduced or absent 

remyelination efficiency may also contribute to neuroaxonal damage [5,6]. At the onset of the disease, 

the most MS patients have a relapsing remitting (RRMS) course, characterized by episodically 

recurring exacerbations of the disease and subacute neurological impairment [3]. However, over the 

years, the disease may transform into secondary progressive (SPMS) MS in the majority of patients, 

where smoldering disease activity can be identified and a slow progressive clinical deterioration is 

seen in the absence of clinically evident relapses. While in a smaller percentage of MS patients, the 

illness may start with a primary progressive (PPMS) form, in which a progressive course of the 

disease is experienced from the beginning [3,7]. Nevertheless, currently available disease-modifying 

therapies are effective in reducing relapse rates, but they have limited success in preventing the 

progression and reducing smoldering disease activity [8]. During the progressive process, there is a 

gradual accumulation and worsening of disability [9]. According to studies, cognitive impairment 

affects a large number of patients with progressive MS and has a negative impact of quality of life 

[10,11]. Cognitive dysfunctions involve a decline in attention, memory, information processing speed 

or executive functions, which worsens over time [10]. Cognitive impairment is already present in 

early MS and their frequency increases with the duration of the disease [12–14]. Furthermore, fatigue 

and depression can aggravate cognitive impairment in MS [15]. However, studies have shown that 

cognitive impairments occurs more frequently and more severe in PPMS than in RRMS [9,16]. Thus, 

the higher incidence of cognitive impairment is SPMS may be associated with a longer duration of 

the disorder and the progressive form [9]. 

Cuprizone (CPZ) -induced demyelination model is a well-characterized and widely used animal 

model of MS for investigating of molecular mechanisms and for a broader analysis of demyelination 

and remyelination processes [17]. Administration of the copper chelating CPZ toxin results in severe 

demyelination with microglia and macrophage activation, and astrocyte reactivation in the absence 

of a peripheral immune response [18]. Furthermore, CPZ administration also affects the kinetics of 

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) 

receptors [19]. The reproducibility of the model and the relatively simple oral administration of the 

toxin make this animal model easy to monitor and control, as well as widely used animal model. CPZ 

treatment causes significant and severe demyelinating changes in several brain regions, such as the 

thalamus, hippocampus, striatum, corpus callosum, cerebral cortex or cerebellum [18,20–22]. Chronic 

toxin treatment for more than 12 weeks can result in, among other things, extensive gliosis, marked 

demyelination, significant weight loss and decreased remyelination efficiency [18]. Therefore, the 

CPZ rodent model is excellent for studying the progressive form of MS, the neurodegenerative 

processes following myelin damage, as well as the pathomechanisms underlying the damage [20]. 

The metabolic abnormalities of tryptophan (TRP) breakdown are found in the pathogenesis and 

progression of several neurodegenerative diseases, including MS, and these metabolic pathways play 

important roles [23–25]. The degradation of the amino acid TRP occurs via the three main pathways, 

to a lesser extent through the serotonin and indole pathways, while to the greatest extent via the 

kynurenine pathway (KP) (Figure 1). 
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Figure 1. Tryptophan metabolic pathways. Degradation of the essential amino acid tryptophan via the serotonin, 

kynurenine and indole pathways. NAD+: nicotinamide adenine dinucleotide. 

The serotonin pathway produces, among others melatonin and serotonin, which are also known 

in neuropsychiatric and neurodegenerative diseases [26], while the indole pathway, which is 

regulated by the gut microbiome produces numerous indole derivatives, the alterations of which 

have also been reported in many diseases [27–29]. Nonetheless, TRP can be predominantly converted 

to L-kynurenine in the KP, from which several neuroactive metabolites can be formed, such as 

anthranilic acid (AA), 3-hydroxy-L-kynurenine (3-HK), kynurenic acid (KYNA) or xanthurenic acid 

(XA). Furthermore, diverse metabolites that are considered neurotoxic are also produce, like 3-

hydroxyanthranilic acid (3-HANA) and quinolinic acid (QUIN). However, various end-products are 

formed too, such as picolinic acid (PA) or quinaldic acid (QAA). Nevertheless, at the end of the KP 

of TRP degradation, nicotinamide adenine dinucleotide (NAD+) is ultimately formed, an essential 

biochemical cofactor for cellular function [25,30] (Figure 1). 

Studies have reported abnormalities and alterations in level of metabolites in the KP, in various 

neurodegenerative diseases, including MS [25,31,32]. Elevated KYNA levels were observed during 

the relapse phase of the MS, while its concentration decreased in the remission period [33,34]. 

Similarly, in the progressive phase of the disease, decreased KYNA levels were also reported [35]. 

Furthermore, reduced serum 3-HK concentration were described in MS patients, in the recent study 

[36]. In addition, decreased KYNA and PA levels were also observed in the cerebrospinal fluid of MS 

patients, while QUIN concentration was increased [25]. In our previous studies, we also performed 

several analyses of TRP metabolism in the CPZ rodent model of MS, in which we were the first to 

report in the literature on alterations affecting the three main pathways of TRP breakdown caused by 

acute, 5-week CPZ intoxication [37–39]. On the one hand, we observed significant changes in plasma 

TRP, 3-HK, KYNA, XA and AA levels, as well as a decreased in AA and 3-HK concentrations, and an 

increase in TRP levels in different brain regions, as a result of toxin treatment [38]. On the other hand, 

during a detailed examination of the periphery, we noticed a marked decrease in 3-HK, XA, KYNA, 

QAA and indole-3-lactic acid levels in various visceral tissues after poisoning. In addition, we 

experienced a decrease in urinary TRP, KYNA and XA concentrations, while an increase in serotonin 

and 5-hydroxyindoleacetic acid levels, among others during acute CPZ treatment [39]. 

Based on these previous results, in the present study we further investigated the metabolic 

abnormalities of the KP of TRP degradation in the central nervous system (CNS) using long-term 

CPZ treatment in rodents. In addition, we analyzed the degree of cognitive damage caused by 

intoxication by the effect of demyelination processes, and by detecting remyelination efficiency. As 

we have assumed that chronic toxin treatment has a marked influence on both cognitive abilities and 

metabolic distributions in various brain regions as the damage progress, in addition, to the metabolic 
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concentration differences observed so far, additional neuroactive and neurotoxic metabolite levels 

may also show alterations. 

Therefore, we examined the distribution of all metabolites in the KP in the plasma on the 

periphery, and in five brain regions of the CNS, as well as alterations in cognitive abilities at different 

times of chronic CPZ toxin treatment and at the end of remyelination period. 

2. Results 

2.1. Investigation of Animals’ Body Weight 

On the third day of the toxin treatment, a significant decrease in the body weight was observed 

in the CPZ-treated group compared to the CO. This deviation became more pronounced as the 

toxicity processed between the groups. However, during the remyelination phase of the examination, 

the dissimilarity between the groups gradually decreased and at the end of the investigation, there 

was no significant difference between the CO and CPZ groups (Figure 2). 

 

Figure 2. Alterations in the animals’ body weight during intoxication. The control group is represented by blue 

diamonds, and the CPZ treated group is depicted with green triangels in the experiment time. 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. 

2.2. Behavioral Test 

2.2.1. Spontaneous Alteration 

During our work, we observed that in the Y-Maze behavioral test, the short-term memory of the 

animals was significantly reduced after 4 weeks and 8 weeks of CPZ treatment compared to the 

control group (Figure 3). The cognitive decline in MS often occurs simultaneously with motor 

symptoms, therefore we were curious about the velocity of the animals during short-term memory 

tests. We found that, were significant difference between the CPZ group in the treatment of 4 weeks 

vs. 12 weeks and 16, the remyelination weeks (Figure 4). In addition, we found a significant difference 

between the velocity of the 4 vs. 12 and 16 week CO groups. 

Our results reflect that while CPZ had a negative effect on short-term memory already at the 

beginning of treatment, motor symptoms only appeared during the subsequent 12-week treatment 

and these motor symptoms persisted during the remyelination phase, in contrast to the effect on 

memory, which approached the performance of the 4-week control group during the remyelination 

phase. 
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Figure 3. Spontaneous alteration in the Y-Maze test. We found significant difference between the CPZ and 

control group in the treatment of 4 weeks and in the 8 weeks. Ctrl: control group; CPZ: cuprizone treated group. 

The level of significance *: p < 0.05 vs. CO. The number of animals in groups: n (control) = 10, and n (CPZ) = 10. 

We show the data mean ± SD. 

 

Figure 4. Velocity of mice in Y-Maze spontaneous alteration test. We found significant difference between the 

CPZ vs. CPZ, Ctrl vs. Ctrl group in the treatment of 4 weeks vs. 12 weeks and in the 4 weeks vs. 16 weeks. Ctrl: 

control group; CPZ: cuprizone treated group. The level of significance CPZ vs. CPZ: *p < 0.05, **p < 0.01, Ctrl vs. 

Ctrl: # p < 0.05. The number of animals in groups: n (control) = 10, and n (CPZ) = 10. We show the data mean ± 

S.E.M. 

2.2.2. Spatial Reference Memory 

In spatial reference memory studies, we found that cuprizone had a significant effect on long-

term memory during the 12-week treatment and during the remyelination phase. Namely, the 

animals spent significantly less time exploring the novel arm during the 12-week treatment and 16-

week remyelination phase than during the 4-week and 8-week cuprizone treatment (Figure 5). Thus, 

the animals were unable to distinguish between the already explored and the arm that was 

unexplored to them. When we examined how many times the mice entered the previously explored 

arms, i.e. how many times they made mistakes, we observed that there were fewer mistakes during 

the 12-week cuprizone treatment (Figure 6). However, this may be because the animals spent more 

time in the previously explored arms than in the novel arms during the observation interval, because 

they did not recognize them. 
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Figure 5. Time spent in the unexplored (Novel) Y-Maze arm. We found significant difference between the CPZ 

vs. CPZ group in the treatment of 4 weeks vs. 12 and 16 weeks and in the 8 weeks vs. 12 weeks. Ctrl: control 

group; CPZ: cuprizone treated group. The level of significance 4 weeks vs. 12 and 16 weeks: * p < 0.05; 8 weeks 

vs. 12 weeks: # p < 0.05. The number of animals in groups: n (control) = 10, and n (CPZ) = 10. We show the data 

mean ± S.E.M. 

 

Figure 6. Spatial reference memory, number of the enters in the explored Y-Maze arm (mistakes of mice). We 

found significant difference between the CPZ vs. CPZ group in the treatment of 4 weeks vs. 12 weeks and in the 

8 weeks vs. 12 weeks. Ctrl: control group; CPZ: cuprizone treated group. The level of significance 4 weeks vs. 12 

weeks: * p < 0.05, 8 weeks vs. 12 weeks: # p < 0.05. The number of animals in groups: n (control) = 10, and n (CPZ) 

= 10. We show the data mean ± S.E.M. 

In the long-term memory tests, no differences were found between the groups in terms of the 

velocity of the animals (Figure 7). Presumably, the animals’ motor performance did not affect the 

result. 
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Figure 7. Velocity of mice in Y-Maze spatial reference memory test. We did not find significant differences in 

behavior between the treated groups (CPZ) and the control (Ctrl) groups. We show the data median ± IQR, the 

gray and turquoise dots are the outliers. The number of animals in groups: n (control) = 10, and n (CPZ) = 10. 

2.3. Bioanalytical Measurement of Tryptophan Metabolites 

2.3.1. Plasma 

In the case of plasma samples, in the fourth week of CPZ poisoning, we observed an increased 

TRP concentration and markedly decreased KYNA, QAA and XA levels in the toxin-treated group, 

which distinctions persisted until the end of intoxication, then normalized in the remyelination phase 

and the levels of metabolites in the CO and CPZ groups were approximately in the same range 

(Figure 8). Similarly, the levels of 3-HK, AA and PA also decreased at the beginning of CPZ treatment, 

but as demyelination progressed, their concentrations showed an increasing trend, and during the 

remyelination period, already there were no differences in the levels of 3-HK and AA between the 

groups, while the concentration of PA was markedly higher in the CPZ group at the twelfth week of 

intoxication, which deviation remained between the CO and CPZ groups until the end of recovery 

(Figure 9). Already at the beginning of the toxin treatment, the concentrations of 3-HANA and QUIN 

were also drastically reduced in the CPZ group, which remained at a low level in the case of 3-HANA 

until the twelfth week of the demyelination period. However, at the end of remyelination phase the 

concentrations of 3-HANA in the two groups were in the same range. In contrast, the level of QUIN 

showed an increasing tendency as the treatment progressed, and by the end of intoxication its level 

was significantly higher in the CPZ group, than in the CO group. Even so, by the fourth week of 

recovery, the QUIN level was markedly reduced in the CPZ toxin-treated group, compared to the 

CO (Figure 10). 
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Figure 8. Alterations in plasma tryptophan (TRP), kynurenic acid (KYNA), quinaldic acid (QAA) and 

xanthurenic acid (XA) concentrations during poisoning. Plasma KYNA, QAA and XA levels of the CPZ-treated 

group were significantly lower than those of the CO group during the entire period of intoxication. However, in 

the remyelination phase, the concentrations of metabolites did not differ between the groups. In contrast, the 

level of TRP showed a higher value in the CPZ group at weeks 4 and 8 of treatment, then with a decreasing trend 

in the recovery phase the TRP concentrations of the groups were similar. CO: control group, CPZ: cuprizone 

treated group, *: p < 0.05 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 

 

Figure 9. Changes in plasma 3-hydroxy-L-kynurenine (3-HK), anthranilic acid (AA) and picolinic acid (PA) 

levels during chronic CPZ treatment. At the beginning of the intoxication, the plasma concentrations of 3-HK, 

AA and PA markedly reduced in the CPZ group, then as demyelination progressed, the levels of these 

metabolites showed a slow increase, so much so that PA was higher in the CPZ group than in the CO group at 

the the twelfth week of treatment and at the end of remyelination, while there were no differences in the levels 

of 3-HK and AA metabolites between the groups. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 

vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 
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Figure 10. Differences 3-hydroxyanthranilic acid (3-HANA) and quinolinic acid (QUIN) concentrations in 

plasma during investigation. In the fourth week of intoxication, the level of 3-HANA and QUIN decreasd 

remarkedly in the CPZ group as a result of treatment. In the case of 3-HANA, this remained until the twelfth 

week of poisoning, but at the end of recovery the 3-HANA concentrations in the groups were almost the same. 

However, the plasma level of QUIN gradually increased as the CPZ intoxication progressed and by the end of 

treatment was significantly higher in the CPZ group compared to the CO. Moreover, at the fourth week of 

remyelination period the level of QUIN suddenly decreased markedly in the CPZ group. CO: control group, 

CPZ: cuprizone treated group, *: p < 0.05 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the 

outliers. 

During the examination of the plasma excitotoxicity index, we experienced a pronounced 

increase in the CPZ-treated group, which was exceptionally high until twelfth weeks of intoxication, 

but at the end of the remyelination phase there was no significant discrepancy between the studied 

groups (Figure 11). 
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Figure 11. Increased excitotoxicity in plasma. A marked increase in the plasma excitotoxicity index of the CPZ 

group was noticed throughout the treatment period, which deviation normalized between groups in the 

remyelination period. CO: control group, CPZ: cuprizone treated group, ***: p < 0.001 vs. CO. We show the data 

median ± IQR, with the outliers. 

2.3.2. Striatum 

During the examination of the brain regions, in the striatum significantly lower concentrations 

of 3-HK, XA, AA and QAA were detected in the CPZ group as early as the fourth week of treatment. 

As the damage progressed, the levels of 3-HK showed a slow increase, and at the end of recovery, 

higher concentrations were observed in the toxin-treated group, compared to the CO. In contrast, the 

XA and QAA levels were lower in the CPZ group throughout the demyelination period, but by the 

fourth week of remyelination, the concentrations of these metabolites were already in the same range 

in the CO and CPZ groups. In addition, after the initial decreased AA value in the CPZ group, its 

concentration significantly increased in the treated group by the twelfth week of poisoning, but by 

the end of remyelination phase AA levels were also similar between the groups (Figure 12). 

 

Figure 12. Variations in the levels of 3-hydroxy-L-kynurenine (3-HK), xanthurenic acid (XA) anthranilic acid 

(AA) and quinaldic acid (QAA) metabolites in the striatum during our investigation. By the fourth week of the 
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intoxication, the concentrations of 3-HK, XA, AA and QAA of the CPZ group were markedly reduced compared 

to the CO group, which differences remained until the end of demyelination period in the case of XA and QAA. 

The level of 3-HK gradually increased as the damage progressed and by the end of recovery its concentration 

was significantly higher in the treated group than in the CO. Similarly, the level of AA also showed an increasing 

trend with the progression of demyelination, and by the twelfth week of intoxication the AA value of the CPZ 

group was remarkably higher than that of the CO group. However, by the end of the remyelination phase the 

levels of 3-HK, XA and AA also normalized and the concentrations of these metabolites of the CO and CPZ 

groups were in a similar range. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 vs. CO, **: p < 0.01 

vs. CO, ***: p < 0.01 vs. CO. We show the data median ± IQR, with the outliers. 

2.3.3. Cortex 

At the fourth week of the intoxication, a significant decrease was observed in the levels of XA, 

AA and QAA in the cortex of the CPZ-treated group, compared to the CO. This markedly low 

concentrations of XA and QAA metabolites remained until the end of the poisoning, but at the end 

of the recovery period there were no differences between the CO and CPZ groups. The level of KYNA 

was remarkably lower in the toxin-treated group only in the eighth week of demyelination, which 

became even more evident in the twelfth week of the treatment, but at the end of the remyelination 

phase there was no visible discrepancy in the KYNA concentration between the groups. In contrast, 

after the initial decreased level of AA, it showed a slow increase in parallel with the progression and 

by the fourth week of remyelination the elevated AA concentration of the CPZ group became 

significant compared to the CO group (Figure 13). Furthermore, already in the fourth week of the 

investigation, we experienced a marked decrease in the concentration of 3-HK and 3-HANA in the 

cortex of the toxin-treated group. These reduced concentrations persisted until the twelfth week of 

the demyelination period. Nevertheless, at the end of remyelination phase, the 3-HANA level of the 

CPZ group was in the same range as the CO, while the 3-HK concentration of the treated group was 

noticeably increased compared to the CO group (Figure 14). 

 

Figure 13. Changes in kynurenic acid (KYNA), xanthurenic acid (XA), anthranilic acid (AA) and quinaldic acid 

(QAA) levels in the cortex. The decreased KYNA level of the CPZ group became marked by the eighth week of 

poisoning, which deviation remained until the end of intoxication, but normalized during remyelination period. 

Similarly, the concentration of XA and QAA also decreased remarkably at the beginning of toxin treatment and 

these persisted until the end of intoxication, but by the fourth week of recovery these differences disappeared 
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between the groups in the case of both XA and QAA. However, after the initial decreased level, the concentration 

of AA gradually increased in the CPZ group as the damage progressed and by the end of the study, higher AA 

value was seen in the cortex of the CPZ-treated animals than in the CO. CO: control group, CPZ: cuprizone 

treated group, *: p < 0.05 vs. CO, **: p < 0.01 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with 

the outliers. 

 

Figure 14. Reduced 3-hydroxy-L-kynurenine (3-HK) and 3-hydroxyanthranilic acid (3-HANA) levels in the 

cortex during CPZ poisoning. As a result of intoxication, the concentration of 3-HK and 3-HANA were markedly 

reduced in the treated group. However, during the recovery, the level of the 3-HANA was normalized, while 

the value of 3-HK was definitely higher in the CPZ group, than in the CO group. CO: control group, CPZ: 

cuprizone treated group, *: p < 0.05 vs. CO, **: p < 0.01 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± 

IQR, with the outliers. 

2.3.4. Hippocampus 

Similar to the cortex, the hippocampal KYNA level in the CPZ group became significantly lower 

only in the eighth week of poisoning. However, as the toxicity worsened, its level gradually increased 

and at the end of remyelination the KYNA concentration was remarkably higher in the treated group 

than in the CO. In contrast, the values of 3-HK, QAA and XA were markedly lower in the CPZ group 

already in the fourth week of the study. However, as a results of a possible compensatory mechanism, 

the levels of the metabolites increased with the progression of the demyelination period and by the 

end of the remyelination phase the aforementioned metabolite concentrations of the CO and CPZ 

groups did not differ significantly (Figure 15). In addition, the AA level of the CPZ group was also 

decreased definitely in the fourth week of poisoning, but increased with the progress of the treatment 

weeks, and by the end of recovery period there was no discrepancy between the groups. Furthermore, 

we observed marked increase in the hippocampal PAD and QUIN concentratios in the toxin-treated 

group at week 12 of toxin administration, which deviation disappeared in the case of QUIN at the 
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end of remyelination. However, the value of PAD was remarkably elevated in the treated group at 

week 4 of the recovery period compared to the CO group (Figure 16). 

 

Figure 15. Alterations in kynurenic acid (KYNA), 3-hydroxy-L-kynurenine (3-HK), quinaldic acid (QAA) and 

xanthurenic acid (XA) levels in the hippocampus during the investigation. The KYNA concentration of the CPZ 

group was significantly lower, than that the CO group in the eighth week of treatment. After that, it showed an 

increasing trend and at the end of remyelination period the KYNA level of the CO group was higher, that the 

CO group. The values of 3-HK, QAA and XA were also markedly lower in the toxin treated animals in the fourth 

week of poisoning, which difference remained in the case of QAA until the end of treatment, while the levels of 

3-HK and XA slowly increased, and the deviations between the groups disappeared by the twelfth week of 

toxicity. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 vs. CO, **: p < 0.01 vs. CO, ***: p < 0.001 vs. 

CO. We show the data median ± IQR, with the outliers. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2025 doi:10.20944/preprints202504.2470.v1

https://doi.org/10.20944/preprints202504.2470.v1


 14 of 29 

 

Figure 16. Deviations in hippocampal anthranilic acid (AA), derivatized picolinic acid (PAD) and quinolinic acid 

(QUIN) levels during examination. The AA concentration in the CPZ group was significantly reduced at the 

beginning of toxin-treatment, but slowly elevated as the weeks progressed, and during recovery AA levels of 

the CO and CPZ groups were in the same range. At the twelfth week of poisoning, the concentrations of PAD 

and QUIN in the CPZ group were markedly higher than those in the CO group. Although QUIN level 

normalized after the toxin withdrawal, PAD value in the intoxicated group remained high level until the end of 

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

p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 

2.3.5. Brainstem 

During the analysis of the brainstem, we noticed significant decrease in 3-HK, QAA and XA 

levels in the CPZ group in the fourth week of toxin treatment. These low concentrations of QAA and 

XA remained until the twelfth week of intoxication, but by the end of the recovery phase, the 

metabolite levels of the CO and CPZ group were in the same range. Nevertheless, the 3-HK level 

gradually increased as the treatment progressed and at the fourth week of remyelination a higher 3-

HK value was observed in the toxin-treated group, than in the CO. In contrast, the level of KYNA 

was remarkably higher in the CPZ group by the fourth week of the demyelination period, but by the 

twelfth week of toxin administration its level decreased drastically in the CPZ group, while by the 

end of recovery period KYNA also showed a markedly higher value compared to the CO group 

(Figure 17). Furthermore, the brainstem concentrations of 3-HANA and QUIN were significantly 

lower in the CPZ-treated group in the fourth week of poisoning, and after slow increase in 

concentrations, these metabolite level differences disappeared by the end of toxicity and the values 

of the 3-HANA and QUIN did not differ decidedly between the CO and CPZ groups (Figure 18). 

 

Figure 17. Changes of kynurenine metabolites in the brainstem during intoxication. In the fourth week of 

poisoning, the concentration of kynurenic acid (KYNA) increased in the CPZ group, compared to the CO group. 

However, by the twelfth week of intoxication, the level of KYNA had significantly decreased in the treated 

group, while by the end of recovery a higher KYNA value was again detectable. The level of 3-hydroxy-L-

kynurenine (3-HK) reduced remarkably at the beginning of toxicity, then gradually elevated as the treatment 

progressed and by the end of remyelination, it was at a higher level in the CPZ group, than in the CO. 

Nonetheless, in the CPZ group, the concentrations of quinaldic acid (QAA) and xanthurenic acid (XA) were 

markedly low throughout the treatment period, but by the fourth week of recovery phase, there were no 
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detectable differences between the groups. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 vs. CO, 

**: p < 0.01 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 

 

Figure 18. Alterations in brainstem 3-hydroxyanthranilic acid (3-HANA) and quinolinic acid (QUIN) levels 

during examination. The values of 3-HANA and QUIN decreased pronounced in treated group at the beginning 

of the toxicity, but as the damage progressed an increasing trend was seen in the level of these metabolites. 

Therefore, by the end of remyelination period, there were no detectable differences in the 3-HANA and QUIN 

concentrations between the CO and CPZ groups. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 

vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 

2.3.6. Cerebellum 

During the analyses of the cerebellum, in the fourth week of toxicity, we experienced marked 

decreases in the levels of 3-HK, XA and QAA of the CPZ-treated group. These reduced metabolite 

values remained until the end of the poisoning, but by the end of recovery these differences in 

concentrations disappeared between the groups. Furthermore, the level of 3-HK in the treated group 

showed a slow increase trend as the poisoning progressed and by the end of investigation, there was 

no detectable diversion between the CO and CPZ groups for this metabolite. Nonetheless, the KYNA 

concentration in the cerebellum of the CPZ group decreased remarkably by the eighth week of 

intoxication. This deviation became even more obvious by the end of the poisoning. However, as a 

result remyelination period, the level of KYNA was significantly higher in the toxin-treated group, 

than in the CO (Figure 19). In contrast, alterations in cerebellar PAD and QUIN concentrations were 

only detectable as a result of longer period of toxin administration, namely PAD showed a significant 

increase in the CPZ group at the eighth week of toxin treatment, while in the CPZ group, we only 

saw a marked increase in QUIN level at the twelfth week of treatment. Moreover, these remarkably 

elevated metabolite concentrations were still detectable at the end of the remyelination phase (Figure 

20). 
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Figure 19. Reduced cerebellar 3-hydroxy-L-kynurenine (3-HK), xanthurenic acid (XA), kynurenic acid (KYNA) 

and quinaldic acid (QAA) concentrations as a result of toxin treatment. During the period of intoxication, 

cerebellar levels of 3-HK, XA, KYNA and QAA were markedly reduced in the CPZ group, compared to the CO 

group. However, at the end of remyelination phase, the metabolite levels of the treated group were similar to 

those of the CO group, except for the concentration of KYNA, because its value was higher in the toxin-treated 

group at the end of recovery, than in the CO. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 vs. 

CO, **: p < 0.01 vs. CO, ***: p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 
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Figure 20. Elevated derivatized picolinic acid (PAD) and quinolinic acid (QUIN) levels in the cerebellum during 

toxin administration. As a result of prolonged intoxication, cerebellar PAD and QUIN concentrations were 

markedly increased in the CPZ group, which differences were still identifiably between the CO and CPZ groups 

in the fourth week of recovery period. CO: control group, CPZ: cuprizone treated group, *: p < 0.05 vs. CO, ***: 

p < 0.001 vs. CO. We show the data median ± IQR, with the outliers. 

3. Discussion 

In the present study, we investigated alterations in cognitive abilities and the KP of TRP 

degradation at different time points of long-term CPZ treatment and at the end of the recovery period 

following chronic toxin administration. The CPZ–induced animal model, which mimics the 

progressive form of MS, provides an opportunity to investigate neurodegenerative processes, as well 

as for detailed mapping of the underlying metabolic processes and analyze the relationships. Based 

on our previous data, as a result of acute CPZ toxin treatment, in addition to extensive and severe 

demyelination, we observed differences in the metabolic pathways of TRP breakdown in both 

periphery and CNS [37–39]. Consequently, in this study we investigated how chronic CPZ 

intoxication affects the discrepancy in the metabolite concentrations involved in the KP, whether in 

addition to the metabolite levels seen during acute toxin treatment, other neuroactive metabolic 

products also show differences. Since we assumed that the neuroprotective and neurotoxic 

metabolite concentration alterations seen in the progressive form of MS can also found in the CPZ 

rodent model under the influence of long-term intoxication. 

Body weight measurements were performed throughout the investigation to monitor the 

condition of the animals and to verify the reliability of the toxin-induce rodent model, during which 

we experienced a marked decrease in body weight of the CPZ –treated group during the entire period 

of intoxication, compared to the CO group, which results are consistent with our previous study data 

[37–39]. To assess the change in cognitive abilities and animals’ motor performance due to chronic 

treatment, we used Y-Maze behavioral tests at different time points of poisoning. Furthermore, using 

bioanalytical analyses, we examined the alterations in the concentrations of metabolites involved in 

the KP of TRP degradation, due to long-term CPZ treatment. 

In our investigation, we identified several kynurenine metabolites whose concentrations were 

remarkably influenced by the duration of CPZ poisoning. In addition to the metabolite determined 

in our previous studies, the current chronic treatment caused marked distinctions, including in the 

level of TRP, AA, KYNA, QAA, XA, 3-HK, 3-HANA, PA and QUIN in plasma and brain regions. 

Furthermore, we also identified additional KP metabolic products, including 3-HANA, PA and 

QUIN, whose concentration differences were not detectable during the previous acute treatments, 

i.e. they show a discrepancy as a result of chronic intoxication. In addition, we noticed dynamic 

changes in the level of other neuroactive metabolites, such as KYNA, XA, AA or 3-HK in the diverse 

sample types examined during the treatment period. In the case of plasma, with the exception of TRP, 

the levels of almost all metabolites decreased significantly at the beginning of CPZ exposure. By the 

end of the toxin treatment, only the concentrations of PA and QUIN increased markedly, while 

during the remyelination period the metabolite levels normalized. These results are supported by the 

increased excitotoxic index, in the plasma of the CPZ group. The QUIN/KYNA ratio, which indicates 

excitotoxicity, is increasingly gaining attention, and our data may support the theory that excitotoxic 

metabolites can cause neurodegeneration in MS [40]. Similar differences were noticed in the brain 

regions, here too, the most kynurenine metabolites decreased as a result of intoxication in the treated 

group compared to the CO, then at the end of the toxin administration we only experienced a 

significant increase in the levels of PAD and QUIN in some brain regions. So, based on our data, it 

appears that toxin exposure drastically blocks almost all metabolites of the KP in both the periphery 

and the CNS. While, the deviations in metabolite concentrations observed during the recovery period 

can be explained as a compensatory mechanism. In some cases, the body seems to try to normalize 

markedly decreased neuroprotective and neuroactive metabolite levels, as well as increased 

concentrations of neurotoxic metabolites after CPZ withdrawal. 
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Several studies have reported abnormalities in the KP in various neurodegenerative and 

neuropsychiatric diseases, including MS [25,41]. Degeneration and/ or inflammation of the CNS have 

a marked impact on TRP metabolism and thus on the KP too [23]. Significantly elevated TRP levels 

have been observed in peripheral blood mononuclear cell of RRMS patients [42]. However, other 

studies have not found any deviations in CSF TRP concentrations between patients with MS and 

controls [35,40,43,44]. Similarly, no significant differences in TRP level were found in serum samples 

of PPMS and SPMS patients [35]. In the case of CSF KYNA level, Tömösi et al. reported a reduced 

concentration in RRMS patients [40]. Furthermore Rejdak et al. also decreased KYNA levels were 

experienced in MS patients in remission phase [34], but an increased KYNA concentrations were seen 

in the CSF of RRMS during relapse [33]. The production of KYNA is mostly associated with 

astrocytes, while the other kynurenine metabolites are mainly formed in microglial cells [32] KYNA 

is an endogenous NMDA receptor antagonist, as well as AMPA and kainate receptors antagonist 

[45,46]. Through the inhibition of the NMDA receptor, it can protect neurons from the harmful effects 

of excessive Ca2+ influx, which is an important process of neurodegeneration. In addition, the 

antioxidant properties of KYNA have also been reported [47], further strengthening its 

neuroprotective role [32,48,49]. Other studies have announced that KYNA plays a neuroprotective 

role in progressive MS [50,51]. Increased KYNA levels in PPMS have been reported to have 

neuroprotective effects both clinically and experimentally, slowing disease progression [52,53]. 

Whereas SPMS patients show reduced neuroprotective activity, which clearly illustrated the crucial 

dissimilarities in KP in the different clinical forms of MS [41,54]. 

AA, XA and PA are also referred to as Janus-faced metabolites [55]. AA has been shown to be a 

potent free radical scavenger [48,56], it has effect on respiratory parameters [57] and the synthesis of 

non-steroidal anti-inflammatory agents [58,59]. It may also play an antioxidant role, as well as an 

inhibitor of QUIN production, but AA can also have a negative effect on neuronal survival as an iron 

chelator [60,61]. Studies have shown that XA also function as an antioxidant, because it can scavenge 

free radicals and superoxide anion, as well as inhibit hematoxylin autooxidation and lipid 

peroxidation, among others [48,56,62–64]. Furthermore, XA is a metabotropic glutamate receptor 

agonist, affecting glutamate excitotoxicity, and is able to enhance postsynaptic glutamate uptake and 

impact transsynaptic glutamate accessibility, thereby influencing glutamate excitotoxicity [65]. In 

addition, XA can impact extracellular glutamate attainability by inhibiting presynaptic glutamate 

transport [55,66]. PA functions as a macrophage activator and can influence macrophage proteins 

[67–69]. The role of this metabolite in neurodegeneration processes through the coactivation of 

macrophage by PA is accentuated [70]. Nevertheless, relatively little data are available for this 

metabolite in MS, However, a study reported higher PA levels in the RRMS patients and lower values 

in PPMS, as well as a contrary link between PICA and QUIN [41,71]. Nonetheless, studies analyzing 

the distribution of PA found no differences between CSF and serum levels in RRMS patients [40,44]. 

Furthermore, other studies have shown higher QUIN levels in the CSF samples of patients with MS 

than in controls [40,44], as well as an elevated serum QUIN concentrations have also been described 

in the disease [40]. In progressive MS, QUIN may be liable for the tau protein phosphorylation [72]. 

Regarding to the QUIN/KYNA distribution, Tömösi et al. reported an elevated ratio in both CSF and 

serum samples among MS patients, compared to the control group [40]. However, decreased plasma 

levels of QUIN and 3-HK were reported in the SM group, than in the control, while a higher 

QUIN/KYNA ratio was observed in MS patients [73]. 

QUIN is a competitive NMDA receptor agonist [32,55]. It can induce excitotoxicity by increasing 

Ca2+ influx and glutamate release, while inhibiting glutamate reuptake in astrocytes, as well as 

increasing the production of reactive oxygen species [32,74,75]. Moreover, QUIN can also increase 

lipid peroxidation, the depletion of some endogenous antioxidants, and the phosphorylation of 

certain proteins, thereby contributing to the pathogenesis of various neurodegenerative diseases 

[32,74,76–78]. Additional neurotoxic effects of QUIN include disturbance of the blood-brain barrier, 

increased oxidative stress through the formation of reactive oxygen and nitrogen species, or 

gliotoxicity [55,74,79] Due to its neurotoxic properties, it shows concentration differences in several 
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disorders and its elevated levels can be associated with the pathomechanism of various neurological 

diseases [25,41,55,80]. Both QUIN and 3-HK, as neuroactive metabolites, can generate cell death via 

diverse excitotoxic processes [79,81,82]. However, 3-HK and 3-HANA are relatively controversial 

metabolites, because previously thought to be neurotoxic, but recent studies have also shed light on 

their beneficial properties. On the one hand, they can influence the neurotoxic effect of QUIN [83], as 

well as together regulate the redox balance of brain tissue, thereby preventing further damage 

[56,60,81]. Furthermore, 3-HK and 3-HANA may also act as important antioxidants [56,84,85]. On the 

other hand, 3-HK can induce oxidative damage [56], and apoptosis of hippocampal and cortical 

neurons [86–88]. Similarly, 3-HANA has been reported as a prooxidative and neurotoxic metabolite 

in some studies [82,88], but others have announced neuroprotective and immunomodulatory effects 

[89,90]. Furthermore, a recent study reported reduced serum 3-HK levels in MS patients, which may 

be associated with increased microglial activation [36]. In addition, reduced 3-HK levels have also 

been reported in serum and plasma samples of patients with schizophrenia and major depression 

[91,92]. 

Nevertheless, our study confirmed that long-term intoxication has significant effects on working 

memory of mice too. In addition, we determined that chronic CPZ treatment remarkably impaired 

long-term memory in toxin-treated mice as a function of treatment time. Thus, we identified notably 

cognitive impairment in the treated group as a result of long-term toxin administration. Studies 

suggest that neuroinflammation and oxidative stress may contribute to the aging process and this 

inflammatory state can ultimately be linked to impairments in motor and cognitive function [93]. 

Studies have also shown that cognitive decline is a common symptom in MS, affecting more than half 

of patients and may be an important indicator of further disease progression [94]. Furthermore, it 

significantly affecting patients’ daily lives, while its frequently varies throughout the course of the 

disease [95]. Cognitive impairment is a common manifestation on disability in early MS, which may 

also precede the appearance of physical symptoms, but may be associated with motor dysfunction 

too [96,97]. Cognitive decline is more common in PMS, in the older MS patients and among men [98], 

while the progressive form is related to more serious damage to some cognitive brain areas [9]. 

Cognitive impairment most often affects cognitive processing speed and episodic memory [95]. 

Furthermore, changes in brain networks contribute pronouncedly to cognitive decline, the primary 

sign of which may be atrophy of gray matter [55]. Disease-related cognitive decline may result from 

inflammation of the CNS and the interaction of neuronal damage. Moreover, impaired of information 

processing speed may be connected with MS-related damage to the thalamus, corpus callosum, 

cerebellum, basal ganglia or temporal cortex, among others [55]. The key to the efficiency of cognitive 

functions as complex brain processes is the local information processing and the effective connection 

of different brain regions. Consequently, harmful processes, including metabolic abnormalities can 

disrupt the appropriate interaction, causing cognitive dysfunction [98]. The examination and 

assessment of cognitive abilities in MS are important and significant in choosing the therapy applied, 

determining the disability status of patients and improving their quality of life [99]. Studies have 

shown that cognitive impairment is more likely to be associated with irreversible demyelination 

processes and the resulting neuronal damage than with acute inflammatory activity [100]. Therefore, 

treatments that also aim at possible neuroprotection, such as dimethyl fumarate, may be more 

effective in preventing and improving cognitive impairment [101,102]. In the experimental 

autoimmune encephalomyelitis (EAE) model, dimethyl fumarate treatment improved, among other 

things, hippocampus-related cognitive performances [102]. Investigations in this model have shown 

a link between synaptopathy induced by microglial activation and cognitive dysfunction, because 

damage to the hippocampus causes impairment of memory and learning, which can be linked to, 

among others, premature microglial activation or neurodegeneration [103]. As microglia, their 

dysfunction and the resulting oxidative stress and inflammatory conditions have been implicated in 

age-related CNS abnormalities [93]. Furthermore, acute CPZ toxin treatment can cause cognitive 

impairment and behavioral abnormalities [18,104]. Nevertheless, studies have shown that elevated 

QUIN levels and a higher KYN/TRP ratio are associated with impaired cognitive performance 
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[55,105]. While KYNA, as a Janus-faced metabolite, can express distinct effects in a concentration-

dependent manner on different receptors and via diverse mechanisms, which concentration 

differences can also be associated with the deterioration of cognitive functions [105–108]. Based on 

the interaction and communication of the gut-brain axis, it can be assumed that changes in the 

metabolic pathway of TRP degradation may also have an impact on cognitive functions [109]. 

Nevertheless, studies investigating the relationship between TRP metabolites and cognitive 

performance in neurodegenerative and neuropsychiatric diseases suggest the involvement of 

kynurenines in cognitive and behavioral symptoms. However, it is important to note, that some of 

them are contradictory and incomplete, and therefore further studies are needed to clarify the relation 

between KP and cognitive performance [55]. 

The authors admit the limitations of our investigation and the used animal model. The CPZ toxin 

model of MS is mainly suitable for studying neurodegenerative processes in the absence of peripheral 

immune response [18]. However, based on our analyses, despite the secondary involvement of the 

immune system, we identified marked metabolite differences, which affected the concentration of 

almost all metabolites in the KP examined during long-term treatment. Furthermore, we also 

acknowledge an even longer investigation period would have allowed for further analysis of 

metabolites and, consequently, the subsequent investigation of remyelination efficacy. 

Nonetheless, to our knowledge, our research group is the first to investigate the changes in KP 

during long-term CPZ treatment in parallel with the analysis of cognitive performance, from which 

we pioneered the identification of alterations in almost all metabolites of the pathway and cognitive 

decline due to toxin administration. In addition, we determined the dynamic concentration changes 

of the examined metabolites as a result of intoxication. Therefore, our results confirm that the levels 

of metabolites in the KP in the periphery and the CNS change consistently under the influence of 

toxin exposure. Moreover, during long-term CPZ treatment, we found a correspondence between the 

metabolite alterations caused by CPZ intoxication and the neuroactive metabolite changes seen in the 

MS, which confirms the relevance of the CPZ rodent model and the importance of metabolic 

discrepancy due to progressive damage. Overall, our results are notably consistent, showing robust 

uniform metabolite patterns in the peripheral and CNS as neurodegenerative processes progress, 

which confirms the relevance of applying these analyses in clinical practice. 

4. Materials and Methods 

4.1. Animal Experiments and Sample Collection 

Eight weeks old C57BL/6J male mice were used (n = 80) in our investigation. The animals were 

bred and maintained under standard laboratory conditions with 12 h‒12 h light/dark cycle at 24 ± 

1ºC 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 XI./475/2024. The experiment was 

performed partly as previously described in our previous studies [37,38]. Briefly, the animals were 

housed in groups of 5 in polycarbonate cages (530 cm3 floor space). Before starting of the experiment, 

animals were acclimated to grounded standard rodent chow for 2 weeks, and the weight of the 

animals was measured every other day. 

The CPZ toxin was administered to half of the experimental animals (n = 40) for 12 weeks by a 

diet containing 0.2% CPZ (bis-cyclohexanone-oxaldihydrazone; Sigma-Aldrich, St. Louis, MO, USA) 

mixed into a grounded standard rodent chow with free access to water. For control group (CO), age 

and weight-matched animals were used (n = 40) which had rodent chow and free access to water. At 

the end of the fourth, eighth and twelfth weeks, 10 animals were randomly chosen from both CO and 

CPZ groups and terminated for further analysis. Thus, at the end of the demyelination phase, 60 

animals were terminated (n = 60; 30 CPZ treated and 30 CO animals). The surviving animals (n = 20; 

10 CPZ treated and 10 CO animals) underwent the remyelination phase for 4 weeks and at the end 
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of the sixteenth week of the recovery phase the all animals were sacrificed, as follows (Figure 21). Y-

Maze behavioral tests were performed at the end of the fourth, eighth and twelfth weeks of 

demyelination phase, as well as at the end of the 4-week remyelination period (Figure 21). 

 

Figure 21. Timeline of the experimental procedure applied in this investigation. CO: control group; CPZ: 

cuprizone group; n: represents the number of animals used; UHPLC-MS/MS: ultra-high performance liquid 

chromatography-tandem mass spectrometry; numbers (1–16) in the figure: experimental weeks (week 1 to week 

16); * Plasma and 5 different brain regions (striatum, cortex, hippocampus, brainstem and cerebellum) samples 

were used for bioanalytical measurements both from the CO and the CPZ treated group. 

The animals were terminated based on our previous studies [37–39]. In summary, the mice were 

anesthetized with intraperitoneal 4% chloral hydrate (10 ml/kg body weight). For further studies, 

mice (CO: n = 40, CPZ: n = 40) were perfused transcardially with artificial cerebrospinal fluid (aCSF). 

Blood samples were taken from the left heart ventricle into Eppendorf tubes with disodium 

ethylenediaminetetraacetate dihydrate and the plasma samples were separated by centrifugation 

(3500 rpm for 10 min at 4°C). The diverse brain regions, namely the striatum, cortex, hippocampus, 

brainstem and cerebellum, were removed from the animals. All samples were removed on ice and 

stored at –80°C until further use. 

4.2. Behavioral Investigation 

To assess the cognitive abilities of mice, we performed a Y-Maze behavioral test, which is an 

excellent method for analyzing short-term memory in animals. The animals of the CPZ-treated and 

control groups (n = 40 animals/group) were placed in a Y-shaped compartment (21 x 7 x 15.5 cm) with 

the same arm length, and spontaneous alteration and spatial reference memory were analyzed, 

performing the tests and calculating the percent alteration as described in the manuscript of Kraeuter 

et al. [110], with the difference that during the spontaneous alteration test, the mice were allowed to 

explore the maze undisturbed for 5 minutes. All tests were recorded with a camera (Basler ace Classic 

acA1300 -60gm, Basler AG, Ahrensburg, Germany) and analyzed with a software (EthoVision XT14, 

Noldus Information Technology BV, Wageningen, Netherlands). Our tests were performed in the 

fourth, eighth and twelfth weeks of toxin administration, as well as in the fourth week of the recovery 

period. 

4.3. Ultra-High Performance Liquid Chromatography with Tandem Mass Spectrometry (UHPLC–MS/MS) 

Measurement 

Plasma samples were prepared [38,39] and measured according to previously published 

methodologies [111,112] using ultra-high performance liquid chromatography-tandem mass 

spectrometry (UHPLC-MS/MS). Brain samples were prepared [38] and measured [111,112] according 

to previously published methodologies using UHPLC-MS/MS. 

4.4. Excitotoxicity Index 
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During our analyses, we also examined the excitotoxic index in the periphery, as follows 

[113,114], the concentration of the QUIN was divided by the concentration of the KYNA (Figure 11). 

Excitotoxicity index = QUIN cc. /KYNA cc. 

4.5. Statistical Analysis 

The statistical analyses were carried out with the IBM SPSS Statistics 28.0 software (SPSS Inc., 

Chicago, IL, USA). For the statistical analysis of body weight, two-way repeated-measures analysis 

of variance (ANOVA) 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. 

Concerning the behavioral test, Normality with Kolmogorov-Smirnov post hoc test, Homogenity of 

variances with Levene test and One-Way ANOVA with Dunnett T3 or LSD post hoc tests statistical 

analysis were performed. While in case of velocity of mice in Y-Maze spatial reference memory test, 

non-parametrical Kruskal-Wallis test was used. Regarding the UHPLC-MS/MS measurements, after 

checking for its assumptions (checking for outliers, Shapiro and Levene tests), we applied one-way 

ANOVA test to evaluate the results. 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. In the case of the assumptions not being met, we applied non-parametric statistics 

(Kruskal-Wallis test). 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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Abbreviations 

AA Anthranilic acid 

AMPA amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

CO Control 

CNS Central nervous system 

CPZ Cuprizone 

3-HANA 3-hydroxyanthranilic acid 

3-HK 3-hydroxy-L-kynurenine 
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KP Kynurenine pathway 

KYN Kynurenine 

KYNA Kynurenic acid 

UHPLC-MS/MS Ultra-high performance liquid chromatography-tandem mass spectrometry 

MS Multiple sclerosis 

NAD+ Nicotineamide adenine dinucleotide 

NMDA N-methyl-D-aspartate 

PA Picolinic acid 

PAD Derivatized picolinic acid 

PPMS Primary progressive multiple sclerosis 

RRMS Relapsing-remitting multiple sclerosis 

SPMS Secondary progressive multiple sclerosis 

TRP Tryptophan 

XA Xanthurenic acid 

QAA Quinaldic acid 

QUIN Quinolinic acid 
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