Schizophrenia

ARTICLE

M) Check for updates

Changes in kynurenine metabolites in the gray and white
matter of the dorsolateral prefrontal cortex of individuals

affected by schizophrenia

Nico Antenucci'>?, Giovanna D’Errico®>, Francesco Fazio®?, Ferdinando Nicoletti'?, Valeria Bruno'?® and Giuseppe Battaglia'?

Alterations in the kynurenine pathway of tryptophan metabolism have been implicated in the pathophysiology of schizophrenia.
Here, we performed an in-depth analysis of all metabolites of the kynurenine pathway, i.e., tryptophan (TRY), kynurenic acid (KYNA),
L-kynurenine (KYN), 3-hydroxykynurenine (3-HK), anthranylic acid (ANA), 3-hydroxyanthranylic acid (3-HANA), xanthurenic acid (XA)
and quinolinic acid (QUINA), in postmortem samples of the dorsolateral prefrontal cortex (DLPFC, Brodmann area 46, 9) of
individuals affected by schizophrenia and non-schizophrenic controls. The analysis was carried out in the gray and white matter.
Levels of KYN, 3-HK, ANA, and 3-HANA were significantly increased in both the gray and white matter of the DLPFC of individuals
affected by schizophrenia, whereas levels of TRY, KYNA, and QUINA were increased exclusively in the white matter and remained
unchanged in the gray matter. These increases in kynurenine metabolites did not correlate with age, sex, duration of the disease,
and duration and type of antipsychotic medication. These findings suggest that the two major branches of the kynurenine
pathway, i.e.,, the transamination of KYN into KYNA, and hydroxylation of KYN into 3-HK are activated in the white matter of
individuals affected by schizophrenia, perhaps as a result of neuroinflammation, and support the evidence that abnormalities of the

white matter are consistenly associated with schizophrenia.
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INTRODUCTION

The efficacy of current antipsychotics is limited in improving
negative and cognitive symptoms of schizophrenia'2. Type-2 and
—4 muscarinic receptors and type-1 trace amine receptors are
examples of targets for new therapeutic agents that showed
efficacy in clinical studies®“. To our knowledge, there are no drugs
that slow the progression of schizophrenia, which is driven by
neuroinflammation and loss of gray and white matter occurring
since the early, preclinical phase of the disease®. The kynurenine
pathway of tryptophan metabolism®® is a biochemical trait
d’union between neuroinflammation and abnormalities in excita-
tory neurotransmission, and has been implicated in the patho-
physiology of schizophrenia®='2. The first step of the pathway is
the opening of the pyrrole moiety of L-tryptophan to yield formyl-
kynurenine, which is spontaneously converted into L-kynurenine
(KYN). The reaction is catalyzed by type-1 and —2 indoleamine 2,3-
dioxygenase (IDO1 and —2) and tryptophan 2,3-dioxygenase
(TDO). IDO is induced by interferon-y, interleukin-13, and other
proinflammatory cytokines in many organs, including the
CNS'3'8 KYN is hydroxylated into 3-hydroxykynurenine (3-HK)
by kynurenine monooxygenase (KMO), or, alternatively, is
transaminated into kynurenic acid (KYNA) by kynurenine amino-
transferase (KAT). 3-HK is sequentially transformed into
3-hydroxyanthranilic acid (3-HANA) and quinolinic acid (QUINA),
or, alternatively, is transminated by KAT into xanthurenic acid
(XA)'92°. Some kynurenine metabolites interact with membrane
receptors and modulate neurotransmission in the CNS. KYNA is an
antagonist at the glycine site of N-methyl-D-aspartate (NMDA)
receptors?', but can also block other glutamate receptor subtypes
at high concentrations?2. In addition, KYNA antagonizes

homopentameric neuronal nicotinic receptors containing the a7
subunit?, and interacts with GPR35 an HCAR3 G-protein coupled
receptors?*?>, In contrast, QUINA binds to the GIuN2 subunits of
NMDA receptors acting as an orthosteric agonist®>?’. Xanthurenic
acid modulates the function of mGlu2 metabotropic glutamate
receptors, whereas cinnabarinic acid, a by-product of the
kynurenine pathway formed by the condensation of two
molecules of 3-HANA, is a weak orthosteric agonist of mGlu4
receptors?®-31,

CSF and brain KYNA levels are consistently increased in
individuals affected by schizophrenia®*33, owing to a reduced
activity of KMO3*. The increase in KYNA:QUINA ratio, which is
expected to restrain the endogenous activation of NMDA
receptors, is consistent with the hypoglutamatergic hypothesis
of schizophrenia®~3, We found a reduction in the levels of
cinnabarinic acid in the prefrontal cortex of individuals affected by
schizophrenia®'. This reduction might be also linked to the
pathophysiology of schizophrenia because cinnabarinic acid
displayed potent antipsychotic-like activity in animal models3'.
However, the connection between the kynurenine pathway and
schizophrenia may not be restricted to KYNA and QUINA.

Whether changes in other kynurenine metabolites occur in
brain tissue of individuals affected by schizophrenia is less clear.
Here, we aim to address the existing gaps in the literature
pertaining to the comprehensive analysis of kynurenine pathway
metabolites in postmortem samples of the dorsolateral prefrontal
cortex (Broadmann area 46, 9) of individuals affected by
schizophrenia and non-schizophrenic controls. By performing a
simultaneous measurement of all metabolites of the kynurenine
pathway in optically dissected gray and white matter, our research
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not only contributes to a deeper understanding of the neurobio-
logical underpinnings of schizophrenia, but may also pave the way
to novel therapeutic strategies.

RESULTS

We measured levels of kynurenine metabolites in the gray and
white matter dissected from the DLPFC of individuals affected by
schizophrenia (SCZ, 14 males and 7 females, age: 25-61 years;
mean = SEM = 49 + 2.3) and non-schizophrenic controls (CTRL, 20
males and 4 females, age: 36-63 years; mean + SEM =55 + 1.5).
There was no statistical difference between the ages of controls
and individuals affected by schizophrenia (Mann-Whitney Rank
Sum Test). Information on drug treatment was available for
15 subjects of the CTRL group and 16 subjects of the SCZ group.
Individuals affected by SCZ had been treated with either first- or
second-generation antipsychotics (n =2 or 3 and 9, respectively),
in some cases combined with valproate or lithium. Duration of
antipsychotic medication ranged between 1 and 30 vyears.
Subjects of both groups had also been treated with other types
of drugs, such as drugs for cardiovascular disorders, anti-diabetic
drugs, and opioid analgesics (Tables 1 and 2). Neuropathological
analysis showed signs of amyloid and tau pathology, and
cerebrovascular pathology in some samples of both groups. One
individual of the SCZ group was also affected by multiple sclerosis
(Tables 1 and 2). All available data provided by the biobank
relative to controls and subjects affected by schizophrenia, and
neuropathological data of brain samples are shown in Tables 1
and 2.

As the rate of degradation of kynurenine metabolites in human
brain tissue is unknown, it was important to examine the possible
correlation between levels of all kynurenine metabolites and the
postmortem interval (PMI), i.e., the time elapsed between death
and tissue removal. PMI ranged from 4.75 and 23.18 h in samples
of both groups. No significant correlation was found between any
kynurenine metabolite and PMI in both the gray and white matter
of the DLPFC (Fig. 1S and ref. 37). Covariance analysis confirmed
the lack of correlation between PMI, and all kynurenine
metabolites in CTRL and SCZ samples with the exception of KYNA
levels, which were inversily correlated to PMI in the gray matter
(Pearson coefficient = —0.33, p = 0.035).

Changes in the levels of kynurenine metabolites in the DLPFC
gray matter of individuals affected by schizophrenia

Schematic representation of the kynurenine pathway is shown in
the Fig. 1. Levels of KYN, 3-HK, ANA, and 3-HANA were significantly
increased in the DLPFC gray matter of individuals affected by SCZ
with respect to non-schizophrenic CTRL, whereas levels of TRY,
KYNA, QUINA, and XA were unchanged (Figs. 2 and 2S). The
increase in KYN, 3-HK, and 3-HANA was also statistically significant
when the analysis was restricted to males of the SCZ and CTRL
groups (Fig. 3). The analysis of female subjects was biased by the
low number of samples in both groups (Fig. 3). We measured the
ratio between TRY and KYN (a low ratio is indicative of the
activation of the kynurenine pathway), and the ratio between
KYNA and QUINA (a higher ratio is consistently observed in
individuals affected by SCZ) (see Introduction and references
therein). There was no significant difference between CTRL and
SCZ in both the TRY:KYN and KYN:QUINA ratios (Fig. 4). However,
the TRY:KYN ratio was reduced by 36%, and the KYNA:QUINA ratio
increased by 55% in the gray matter of the SCZ group (Fig. 4).

Increased levels of all kynurenine metabolites in the DLPFC
white matter of individuals affected by schizophrenia

Levels of TRY and all kynurenine metabolites, with the exception
of XA, were significantly increased in the DLPFC white matter of
the SCZ group, and the increase in KYN, 3-HK, 3-HANA, and QUINA
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remained statistically significant when the analysis was restricted
to males of both groups (Fig. 3).

Similarly to what observed in the gray matter, there was no
significant difference between CTRL and SCZ in both the TRY:KYN
and KYN:QUINA ratios (Fig. 4). However, the TRY:KYN ratio was
reduced by 33%, and the KYNA:QUINA ratio was increased by 34%
in the white matter of the SCZ group (Fig. 4).

Correlation analysis between levels of kynurenine metabolites
in the gray or white matter and age or duration of
antipsychotic medication

There was no significant correlation between levels of TRY or
kynurenine metabolites in the gray or white matter and age in
either the CTRL or the SCZ group (Fig. 3S). In addition, in the SCZ
group, there was no correlation between levels of TRY or any
kynurenine metabolite and the duration (Fig. 5) and type of
antipsychotic medication (Fig. 6). Covariance analysis confirmed
the lack of correlation between age and kynurenine metabolites.
There was also no correlation between sex and kynurenine
metabolites in the gray matter. In contrast levels of 3-HANA
(Pearson coefficient =0.326, p=10.028), ANA (Pearson coeffi-
cient =0.401, p=0.07), and KYNA (Pearson coefficient =0.421,
p =0.004) in the white matter showed a significant correlation
with sex, being greater in females.

DISCUSSION

The kynurenine pathway meets the requirement to play a key role
in the pathophysiology of psychotic disorders because it regulates
energy metabolism (in the form of nicotinamide adenine
dinucleotide), the immune system, and excitatory neurotransmis-
sion®%. As KYNA is the only known NMDA receptor antagonist, it
was postulated that an increased production of KYNA might be
causally related to schizophrenia. It is consistent with this
hypothesis that experimentally induced increases in CNS KYNA
levels causes a schizophrenia-like phenotype in experimental
animals*®, and KYNA levels are increased in the postmortem brain
and CSF of individuals affected by schizophrenia*'=*3, However,
how the other kynurenine metabolites behave in the brain of
individuals affected by schizophrenia is less clear. Robert Schwarcz
and his associates found that the activity of KMO and
3-hydroxyanthranilic acid dioxygenase (3-HAO, the enzyme that
transforms 3-HANA into QUINA) was reduced in the prefrontal
cortex (Brodmann areas 9 and 10) of individuals affected by
schizophrenia, whereas activities of kynureninase, kynurenine
aminotransferase Il, and quinolinic acid phosphoribosyltransferase
were unchanged. This was associated with an increase in KYNA
levels and suggested an increased KYNA:QUINA ratio in schizo-
phrenia'. Increases in KYN levels and TDO2 expession were found
in the prefrontal cortex and anterior cingulate cortex of individuals
affected by schizoprenia***>. More recently, Kindler et al. 2020
found that KYNA levels, the KYN:TRY ratio, and the transcripts of
TDO and KATI/Il were increased in the prefrontal cortex of a “high
cytokine schizophrenia subgroup” identified by measurements of
proinflammatory cytokine mRNA, and there was a positive
correlation between KAT and glial fibrillary acidic protein mRNA.
This suggests that central neuroinflammation causes the activa-
tion of the kynurenine pathway in schizophrenia, and that the
increase in KYNA levels is secondary to reactive gliosis. The
conclusion of a systematic review on peripheral and central
kynurenine metabolites in psychiatric disorders was that brain/CSF
KYNA levels are increased, whereas metabolites of the KMO-driven
branch of the kynurenine pathway (e.g., 3-HK, XA, and QUINA) are
unchanged in schizophrenia®’.

Our results diverge from this conclusion. We found that levels of
all kynurenine metabolites, with the exception of XA, were
increased in the white matter, and levels of KYN, 3-HK, ANA, and
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1.a Indoleamine-2,3-dioxygenase (IDO)

oS 1.b Tryptophan 2,3-dioxygenase (TDO2)

Z o 2 Kynurenine Aminotransferase (KAT)

Kynurenic acid u Kynurenine Monooxygenase (KMO)
2

3
4 Kynureninase
5 Hydroxy-anthranilate oxidase (3-HAO)

N\ —}
N 3
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OH 2 N
o I Pz OH
NH, N
OH OH o

Anthranilic
acid i
3-Hydroxykynurenine Xanthurenic o
acid
4
O, OH 0O, OH
[o} o
N NH,
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Cinnabarinic 3-Hydroxyanthranilic Quinolinic
acid acid acid

Fig. 1 The kynurenine pathway. Metabolites and enzymes involved are shown.
White matter Gray matter White matter Gray matter White matter White matter
150000 *p=0.0236 % 150007 *p=0.0020 15000 *p=0.0003 400 *p=0.0359 4007 +p<0.0001 1000 p=0.0002
g ] T T g ] g £ e
5 | &3 ] * 3 l 2 300- 2 300 5 8007
2 100000 s 10000 5 10000 = - = R s . *
2 s ] . s ] o 600
o 1 =) 4 o o 1 o o g ]
£ 1 £ | £ | £ 200+ £ 200+ . E .
5 o > . ] > D 2 400 °°ge
£ 50000 o _.% £ 5000 o < 5000 £ . £ . : . oy
> i % 4 i 4 i < 100 < 100 = . _e®
& @ ::!o s o ':F' z z 1 o z ] ° £ 200 & .
] Seee 1 sk o0t 1 ]l o & i g x . @ i.st
- ol S5 3oz 0- 0- 0- 0-
Gray matter White matter Gray matter White matter White matter
1500 4 *p=0.002 1500~ *p=0.0041 = 600 7 *p<0.0001 600~ *p<0.0001 * 8007 *p=0.0027
—_ | — J = | £ | ° =
E ] s * g ] 2 g o Control
° ° ° s 5 ] ° 2 600~ . .
S 1000 S 1000- o 400~ N = 400 s . ® Schizophrenia
=) . o ° E . = . £
£ _ H £ =) _ = ce, 5400
) 5 . 2 . 2 - ST R .
£ 500 £ 500 N < 200 o < 200 —T— <. ] s
x 1 8 3= § 1 @ <zt 1 o !l;:_ <z[ 1 o Z 2007
I ] R oy | —'5. T _ o833 I | &2, Sed S ] &
sl T PP ERE BN EAE. SIUNL AR Sl
0- 0- 0- 0 0~

Fig. 2 Cumulative endogenous levels of kynurenine pathway metabolites in both gray and white matter of DLPFC in control subjects
(n = 24) and patients affected by schizophrenia (n =21). *p < 0.05 (Student’s t test) vs. control subjects. Grubbs's test was performed once
and one sample for each group was excluded as an outlier, when the case.

analysis exploring age-related white matter trajectories in a large
cohort of patients affected by schizophrenia and healthy controls
demonstrates that white matter is affected in all stages of
schizophrenia in a tract-specific manner since the early phases of
myelin maturation®°. It is believed that inflammation contributes

3-HANA were increased in the gray matter of the DLPFC of
individuals affected by schizophenia. The homogenous activation
of the kynurenine pathway in the white matter is in line with a
large body of evidence suggesting that white matter abnomalities
are associated with schizophrenia*®=>“. Fractional anisotropy MI
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Fig. 3 Endogenous levels of kynurenine pathway metabolites in gray and white matter of males and females in the DLPFC of control
subjects and patients affected by schizophrenia. *p < 0.05 (Student’s t test) vs. control subjects. The control group is composed of 20 males
and 4 females whereas the group of patients affected by schizophrenia is composed of 14 males and 7 females. Grubbs'’s test was performed
once and one sample for each group was excluded as an outlier, when the case.
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Fig. 4 The KYNA:QUINA and TRY:KYN ratios are modified in the DLPFC of individuals affected by schizophrenia. The KYNA:QUINA ratio
was increased by 55% and the TRY:KYN ratio was reduced by 36% in the gray matter of the SCZ group. The KYNA:QUINA ratio was increased
by 34% and the TRY:KYN ratio was reduced by 33% in the white matter of the SCZ group.

to the pathophysiology of white matter damage in schizophre-
nia®>>~>’. If so, the white matter might represent a preferential site
of activation of the kynurenine pathway, explaining our data.
Activation of the kynurenine pathway in the white matter of
schizophrenic patients might represent a compensatory mechan-
ism aimed at restraining immune activation and neuroinflamma-
tion>8752, The increase in the KYNA:QUINA ratio found in the white
matter of individuals affected by schizophenia might limit the
endogenous activation of NMDA receptors expressed by oligo-
dendrocytes, thus limiting the excitotoxic component of myelin
damage®>~%5, It is important to note that the between-subject
differences in the abundance of glia cells, particularly astrocytes

Published in partnership with the Schizophrenia International Research Society
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and microglia, could potentially contribute to the measured
variations in kynurenine metabolite concentrations. Future
research is needed to explore both the abundance of glia cells
and markers of their activation state to potentially unravel the
intricate interplay between kynurenine metabolites and glia cells,
and delineate their potential role as biomarkers, if found at
circulant levels in the periphery.

Data obtained in the DLPFC gray matter of individuals affected
by schizophrenia were partially unexpected. There was a trend to
an increase KYNA levels and KYNA to QUINA ratio, which was
consistent with previous findings and with the hypoglutamatergic
hypothesis of schizophrenia (see above). However, we were
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Fig. 5 Lack of correlation between levels of TRY and kynurenine metabolites and the duration of disease. Correlation analysis between
kynurenine metabolite levels in the gray and white matter and duration of antipsychotic medication.

surprised to find a significant incease in KYN, 3-HK, 3-HANA, and
ANA levels, considering that 3-HK is formed by KMO, which is
known to be defective in schizophrenia'’*%”, One possible
explanation is that these metabolites accumulate because of a
defective activity of 3-HAO, which converts 3-HANA into QUINA™".
ANA is formed by KYN through a reaction catalyzed by
kynureninase, and then hydroxylated into 3-HANA2°, Interestingly,
a 2-fold increase in ANA levels has been reported in the serum of
patients affected by schizophrenia, and has been considered as a
potential biomarker and treatment marker for schizophrenia®®
We have already reported that cinnabarinic acid is detectable at
very low levels in the human DLPFC, is reduced in patients
affected by schizophrenia, and this reduction did not correlate
with age, sex, duration of the disease, and duration and type of
antipsychotic medications®'. Here we quantitated kynurenine
metabolites in the gray and white matter of males and females
and we showed that KYN, 3-HK, ANA, and 3-HANA are significantly
increased both in the gray and white matter of the DLPFC of
patients affected by schizophrenia. We run a thorough analysis
correlating age and sex between controls and subjects affected by
schizophrenia. The analysis revealed no significant differences in
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these demographic variables between the two cohorts, confirm-
ing the validity of our control group. The analysis run on male gray
matter confirmed the increase of KYN, 3-HK, 3-HANA, and QUINA,
whereas white matter showed an increase of all metabolites, but
not XA. These significant increases were not found in female
samples, suggesting that there could be a gender difference,
although we have to note that the number of female samples are
4 in control subjects and 7 in the group of patients affected by
schizophrenia. Moreover, we correlated kynurenine metabolite
levels with age, duration of treatments (typical or atypical
antipsychotic drugs) and neuropathology in patients affected by
schizophrenia. We did not observe any correlation with these
parameters, but a significant negative correlation between age
and TRY and XA levels in the gray matter of DLPFC patients
affected by schizophrenia, but not in control subjects. This is
peripherally paralleled with the reported reduction of XA levels in
the serum of patients affected by schizophrenia and their first-
degree relatives®®. It has been reported that activity of
3-hydroxyanthranilic acid dioxygenase (3-HAO), the enzyme that
synthetizes QUINA, is significantly reduced in the DLPFC of
schizophrenic patients. In line with this observation, we now
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Fig. 6 Lack of correlation between levels of kynurenine metabolites and the type of antipsychotic medication. Correlation analysis
between kynurenine metabolite levels in the gray and white matter and duration of typical and atypical antipsychotic drugs.

report that 3-HANA levels are increased by about 3-fold in the gray
matter, and about 4-fold in the white matter in the DLPFC of
schizophrenic patients. This increase could be due to the
accumulation of 3-HANA in response to the reduced activity of
3-HAOQ in patients affected by schizophrenia''.

In conclusion, this is the first report on measurements of all the
metabolites of the kynurenine pathway in the DLPFC of control
subjects and patients affected by schizophrenia. The results show
increased levels of almost all kynurenine pathway metabolites
suggesting a hyperactive pathway that could play a relevant role
in the pathophysiology of schizophrenia. The parallelism between
peripheral, as reported in the literature, and central levels of some
metabolites could suggest their use as valuable predictive and
prognostic biomarker candidates for schizophrenia®'. In our
experience, cinnabarinic acid is the only metabolite of all
kynurenine metabolites to be reduced in the prefrontal cortex
of individuals affected by schizophrenia3'.

Our study has a number of limitations, including the presence
of amyloid, tau or vascular patology in some samples of the CTRL
and SCZ group, which might have caused local inflammation,
thereby activating the kynurenine pathway. In addition, all
samples from the SCZ groups were obtained from patients with
a history of antipsychotic medication, which might have affected
the activation of the kynurenine pathway. Finally, although there
was no correlation between any of the kynurenine metabolite and
the PMI, we cannot exclude that ante-mortem variables, such as
the extent of the agonic state, duration of hypoxia, and the
presence of fever might have influenced our findings.

Published in partnership with the Schizophrenia International Research Society

MATERIALS AND METHODS

Human brain samples

Samples of the frontal lobe dorsolateral prefrontal cortex (DLPFC,
Brodmann area 46, 9) from individuals affected by schizophrenia
and non-schizophrenic controls were kindly provided by the
Harvard Brain Tissue Resource Center, funded through NIH-
NeuroBiobank HHSN-271-2013-00030C.

UPLC/MS-MS analysis of kynurenine pathway metabolites

Measurements of kynurenine pathway metabolite levels were
carried out in samples of DLFC of individuals affected by
schizophrenia and non-schizophrenic controls. Detection and
quantification of kynurenine pathway metabolites in tissue
extracts were performed by ultra-performance liquid chromato-
graphy/tandem mass spectrometry (UPLC/MS/MS). Tissue extracts
were prepared from about 40-50 mg of brain tissues, either white
and gray matter, of patients affected by schizophrenia and healthy
controls. White and gray matter tissues were sonicated in 0.1 N
perchloric acid (weight/volume), homogenates were centrifuged
at maximal speed in a microfuge for 30 min and supernatants
were placed into vials for automatic injection into the UPLC
system. The analysis was performed by the 1260 Infinity Il Agilent
Liquid Chromatography System separating molecules on a
reversed-phase  column (Poroshell 120, EC-C18, 1.9um,
2.1 x50 mm - Agilent, Santa Clara, CA). Five pl were injected and
the separation was obtained by a gradient using the eluent A
(0.1% aqueous formic acid) and the eluent B (100% methanol) at a
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flow of 200 pl/min, using 10% solvent A for the first min and 100%
solvent B for the following 3 min.

The mass spectrometry analysis was carried out on the 6470 LC/
TQ Agilent triple quadrupole system equipped with a turbo ion
spray source. The detector was set in the positive ion mode and
the ion spray voltage was set at 5000 V (with a source temperature
of 300 °C). Nitrogen was used as collision gas and the collision
activation dissociation gas was set at medium value. A dynamic
multiple reaction monitoring (dMRM) method was applied to
detect and quantify kynurenine metabolites. The instrument was
set in the dMRM mode, checking the transition m/z (in parenthesis
collision energy) for TRY 204.7 — 172.7 (4); 204.7 — 76.9 (72); KYN
209 — 145.8 (20); 209 — 64.9 (56); ANA 138.2 —» 119.9 (8); 138.2 —
64.9 (36); KYNA 190 — 143.9 (20); 190 — 88.8 (48); 3-HK 225.1 —
208 (8); 225.1 — 110 (16), XA 206.2 — 159.8 (20); 206.2 — 131.8
(36), 3-HANA 154.1 — 135.8 (12); 1541 — 79.9 (32); QUINA
168.03 — 150 (8); 168.03 — 78 (24). Each analyte was monitored
with a dwell time of 100 ms in the transitions from the precursor
ion into the product ion and the mass spectrometer was tuned to
obtain the best sensitivity for all transitions. The Mass Hunter
software (Agilent, Santa Clara, CA) was used to analyze data. The
calibration curve was tuned by dissolving different amounts of all
kynurenine metabolites in acetonitrile and processing them in the
identical way of tissue samples.

Statistical analysis

Data were analyzed by Student'’s t test. The Shapiro-Wilk normality
test was run to met the criteria for normal distribution and the
following Grubbs’s test was used to identify outliers. Correlation
between kynurenine metabolite levels and different variables was
carried out by linear regression analysis. Analyses were carried out
by GraphPad software v. 8. The ANCOVA Analysis was carried out
by IBM SPSS Statistics software v. 26.

DATA AVAILABILITY

The datasets generated and analysed during the current study are available in the
repository NEUROMED.
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