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Purpose: The kynurenine (KYN) pathway can directly or indirectly influence cerebral
volume and neural integrity in patients with major depression (MD). The aim of the present
study was to investigate neural network systems and the KYN pathway in patients with first-
episode, drug-naive MD.

Patients and Methods: Twenty right-handed drug-naive patients, with MD diagnosed
using the Diagnostic and Statistical Manual for Mental Disorders, Fourth Edition, Text
Revision, Research Version, were included in this study. Magnetic resonance imaging
scans and scores on the Hamilton Rating Scale for Depression were assessed, and serum
sampling was performed prior to the start of pharmacological treatment. Image processing
and data analysis were performed according to our recently published procedure. Serum
metabolomes were measured in the cation and anion modes of CE-FTMS-based metabolome
analysis.

Results: We found that serum KYN levels were positively correlated with the Z-scores of
the salience network but not with those of the central executive network or default mode
network. No associations were observed between serum glutamate levels and the Z-score of
any of the three networks.

Conclusion: Our results indicate that serum KYN levels might affect the activity of the
salience network in first-episode, drug-naive patients with MD.

Keywords: kynurenine, major depression, neural network, source-based morphometry

Introduction

Major depression (MD) is one of the most common mental health disorders, incurring
devastating social, personal, and medical consequences. The lifetime risk of MD is
approximately 15-18%, and patients with MD often experience a reduced quality of
life and are at an increased risk of suicide. The etiology of MD remains elusive.
Monoamines, including serotonin, are thought to play important roles in the patho-
physiology of MD.' Inflammation is also known to be associated with MD.*?
A consistent body of evidence from preclinical and clinical studies demonstrates
that inflammation in both the peripheral and central nervous systems plays an
important role in the pathophysiology of MD. Activated microglia release pro-
inflammatory cytokines such as interleukin-1 (IL-1), IL-6, tumor necrosis factor-a
(TNFa), and prostaglandins.” Dysregulation of the interaction of the nervous and
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immune systems may lead to neuronal damage or
neurodegeneration.” In fact, proinflammatory cytokines
activated in the brain can induce common symptoms of
MD. For example, peripheral levels of IL-6 and TNFa are
increased in patients with MD.*¢ Tryptophan (a precursor
of serotonin), serotonin degradation, and the role of trypto-
phan in the availability of serotonin and inflammation have
brought attention to the kynurenine (KYN) pathway with
regard to its potential roles in MD.”®

Activation of the KYN pathway is a potential mechan-
ism by which inflammation can cause MD via interfering
with tryptophan metabolism.” Two major pathways meta-
bolize tryptophan. One pathway uses tryptophan 2,3-diox-
ygenase, whose activity is regulated by glucocorticoids.
The other pathway uses the ubiquitous indoleamine
2.3-dioxygenase (IDO), which is activated by proinflam-
matory cytokines. Downstream of IDO, KYN is trans-
formed into kynurenic acid (KYNA) in astrocytes or into
the neurotoxic 3-hydroxykynurenine (3-HK) and quinoli-
nic acid (QUIN) in microglia.'""'*> Moreover, inflamma-
tion-induced MD is mediated by increased brain levels of
QUIN, which activates NMDA receptors.'® Increases in
plasma KYN metabolites are associated with the symp-
toms of MD, which supports the inflammatory hypothesis
of MD.'"*'® KYNA has neuroprotective properties and
competitively inhibits ionotropic glutamate receptors at
high concentrations, but attenuates the activity of NMDA
receptors.'> QUIN is an NMDA receptor agonist that can
inhibit glutamate (GLU) reuptake by astrocytes, leading to
neurotoxicity.'” QUIN also enhances the production of
proinflammatory mediators in astrocytes.'®

In short, increased inflammation and the KYN pathway
affect NMDA receptors, and reductions in serotonin might be
associated with the pathophysiology of MD.>"*!° The asso-
ciation between the KYN pathway and GLU neurotransmis-
sion might be complicated. Moreover, several studies have
reported associations between KYN metabolites and brain
morphology or neural integrity using magnetic resonance
imaging (MRI) in MD patients.® '%!*! Taking these find-
ings into account, the KYN pathway may directly or indir-
ectly influence cerebral volume and neural integrity in MD
patients. The detailed associations between the KYN path-
way and the pathophysiology of MD remain unclear. There
has been growing interest in understanding the large struc-
tural networks of the brain as revealed using structural ima-
ging, namely, high-resolution 3D, T1-weighted imaging.
These structural networks arise from neural plasticity;
regions that fire together and wire together might also be

coupled together in particular volumes as a result of mutual
trophic and plasticity-related changes at the synaptic and
cellular levels.''*? Recently, we reported that MD patients
display intra- and inter-network abnormalities in several
neural network systems.'>**?* Therefore, in the present
study, we focused on the salience network (SN), the central
executive (CE) network, and the default mode (DM) net-
work, and their relationship to the KYN pathway in MD
patients. In addition, we investigated the relationship
between serum GLU levels and the network findings. To
the best of our knowledge, this is the first report investigating
associations between these neural network systems, using the
structural covariance network method,> and serum KYN or
GLU levels in first-episode, drug-naive MD patients.

Patients and Methods

Ethics Statement

The study protocol was approved by the Ethics Committee
of the University of Occupational and Environmental
Health, Kitakyushu, Japan (approval number: H25-13,
8 May 2013). This study was conducted in accordance
with the Declaration of Helsinki. All the participants who
entered the study signed an informed consent document
explaining the study protocol and potential risks.

Participants

Patients were recruited from the University Hospital of the
University of Occupational and Environmental Health,
Kitakyushu, Japan, from March 2009 to January 2017. All
patients met the diagnostic criteria of MD according to the
full-structured clinical interview from the Diagnostic and
Statistical Manual for Mental Disorders, Fourth Edition, Text
revision, Research Version.”>*? The 17-item HAMD?*** was
used to evaluate the severity of MD. Patients with a HAMD
score of 14 points or more were enrolled in the study. Patients
with a history of neurological disease, substance use, and/or
the presence of any other psychiatric disorders were excluded.
In total, twenty right-handed drug-naive patients with MD
were included in this study. MRI scanning, HAMD scoring,
and serum sampling were performed prior to the start of
pharmacological treatment. The clinical and demographic
characteristics of the patients are summarized in Table 1.

Sample Preparation and Measurements

Blood sampling was performed during 7-9 am, before
breakfast. Participants had fasted and were resting for at
least 30 min before blood withdrawal. Samples were sent
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Table | Patient Clinical and Demographic Characteristics

Total (n=20) Male (n=8) Female (n=12) P-value
Age, years; mean + SD 43.4+14.6 45.3+8.55 42.017.7 0.624
Hamilton Depression Rating Scale, mean + SD 21.4+7.16 19.1£7.30 22.9+6.94 0.256
Kynurenine level, mean + SD (nmol/L) 571x10*+2.01x107* 6.29%10 “+1.60x107* 5.33x10*+2.22x10°* 0.135
Glutamate level, mean £ SD (nmol/L) 1.88x1072£9.14x 103 2.43x10 2£9.74x10 3 1.51x10 2£6.81x103 0.021

Abbreviation: SD, standard deviation.

from the University of Occupational and Environmental
Health to Human Metabolome Technologies Inc. (HMT,;
Tsuruoka, Japan), where each 50 pL sample was mixed
with 450 pL of methanol containing internal standards (10
uM) and vortexed. Chloroform (500 pL) and Milli-Q
water (200 puL) were added, mixed thoroughly, and cen-
trifuged (2300 x g, 4°C, 5 min). The water layer (400 pL)
was filtered through a 5-kDa cutoff filter (ULTRAFREE-
MC-PLHCC, HMT, Yamagata, Japan) to remove macro-
molecules. The filtrate was centrifugally concentrated and
resuspended in 50 puL of ultrapure water immediately
before measurement. The compounds were measured in
the cation and anion modes of a capillary electrophoresis-
Fourier transform mass spectrometry (CE-FTMS)-based
metabolome analysis system under conditions 1-3. The
samples were diluted for the measurements to improve
the quality of the CE-MS analysis.

Metabolome measurements were carried out at HMT
through CE-TOFMS (time-of-flight mass spectrometry)
using an Agilent CE System equipped with the Agilent
6210 time-of-flight mass spectrometer, the Agilent 1100 iso-
cratic HPLC pump, the Agilent G1603A CE-MS adapter kit,
and the Agilent G1607A CE-ESI-MS sprayer kit (Agilent
Technologies, Waldbronn, Germany). The system was con-
trolled by Agilent G2201AA ChemStation software version
B.03.01 for CE (Agilent Technologies, Waldbronn,
Germany). The metabolites were analyzed using a fused
silica capillary (50 pum internal diameter x 80 cm total
length), with commercial electrophoresis buffers (Solution
ID: H3301-1001 for cation analysis and H3302-1021 for
anion analysis, HMT) as the electrolytes. The sample was
injected at a pressure of 50 bar for 10 s (approximately 10 nL)
in cation analysis and 25 s (approximately 25 nL) in anion
analysis. The spectrometer was scanned from m/z 50 to 1000.
Other conditions were as described previously.** ¢ Peaks
were extracted using the automatic integration software
MasterHands (Keio University, Tsuruoka, Japan) to obtain
peak information, including m/z, migration time for
CE-TOFMS measurement (MT), and peak area.*’ Signal

peaks corresponding to isotopomers, adduct ions, and other
product ions of known metabolites were excluded, and the
remaining peaks were annotated with putative metabolites
from the HMT metabolite database based on their MTs
and m/z values as determined from the TOFMS. The toler-
ance range for the peak annotation was configured at +0.5
min for MT and £10 ppm for m/z. In addition, peak areas
were normalized against those of the internal standards and
the resultant relative areas were further normalized by sam-
ple amount.

Hierarchical cluster analysis and principal component
analysis (PCA) were performed, respectively, by our pro-
prietary programs PeakStat and SampleStat. Detected
metabolites were plotted on metabolic pathway maps
using the VANTED (Visualization and Analysis of
Networks containing Experimental Data) software.*®

MRI Acquisition

MRI scans were performed using a 3T MR system (Signa
EXCITE 3T; GE Healthcare; Waukesha, WI, USA) with
an eight-channel brain phased-array coil. Original T1
images were acquired by three-dimensional fast-spoiled
gradient recalled acquisition with a steady state. The
acquisition parameters were as follows: repetition time,
10 ms; echo time, 4.1 ms; inversion time, 700 ms; flip
angle, 10; field-of-view, 24 cm; section thickness, 1.2 mm;
and resolution, 0.9 x 0.9 x 1.2 mm. All images were
corrected for image distortion due to gradient non-

25,49 and

26,50

linearity using the Grad Warp software program
for intensity in homogeneity with the “N3” function.

Data Analysis

SBM is a multivariate technique that takes advantage of an
independent component analysis.”” SBM considers infor-
mation across different voxels and identifies unpredicted,
naturally occurring patterns of covariance across brain
regions. This data-driven, voxel-based method, which
examines the intrinsic connectivity of each voxel to every
other voxel in the brain, does not require any prior
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knowledge to select regions or networks of interest. In our

12.23 we had extracted structural covariance

previous study,
networks from 79 healthy subjects and 77 patients with MD,
including twenty patients with MD from the current study,
using SPM 12 and the GIFT toolbox (http://icatb.source

forge.net).'** Based on these extracted structural covar-

iance networks, we focused on the SN (Figure 1A), the CE
network (Figure 1B), and the DM network (Figure 1C),
which were considered to be the core drivers of disordered
brain networks in patients with MD. The Z-scores of load-
ing coefficients were used, reflecting the expression of the

structural covariance networks.!>?>

Statistical Analysis

All statistical analyses were performed using EZR software
version 1.50, which was used for calculating R. More pre-
cisely, it is a modified version of R Commander designed to
add statistical functions frequently used in biostatistics.**'
The Mann—Whitney U-test was used to compare between-
sex differences in serum kynurenine. The #-test was also used
to compare between-sex differences in age, HAMD scores,
and serum glutamine. In a multiple regression analysis con-
trolled for age, we assessed the association between serum
KYN concentrations and three brain networks (Z-scores). In
a similar way, we assessed the association between serum
GLU concentrations and three brain networks. Pearson’s
correlation coefficient was used to evaluate the relationship
between the scores of the 17 items of the HAMD and the

Salience network

689

Central executive network

serum KYN levels. Statistical significance was defined as
p < 0.05 after Bonferroni correction.

Results
Serum Levels of KYN and GLU in MD

Patients

There were no statistically significant differences in age,
Hamilton Rating Scale for Depression (HAMD) scores, or
serum KYN levels between males and females. Serum GLU
levels were significantly lower in female MD patients than in
males.

Serum Levels of KYN and Brain

Networks

To identify whether plasma KYN affected these 3 brain
structural networks, we correlated the Z-scores with plasma
KYN levels. Serum KYN levels were significantly positively
correlated with the Z-scores of the SN after Bonferroni
correction (R2=0.43, p=0.04; Figure 2A) but not with those
of the CE network (R2 =0.55, p=0.26; Figure 2B) or the DM
network (R2=0.26, p=0.70; Figure 2C). No association
was found between the serum KYN levels and HAMD scores
(r=-0.17, p=0.49; Figure 3).

Plasma Levels of GLU and Brain Networks
No associations were observed between serum GLU levels
and the Z-scores in the SN (R2=0.40, p=0.06; Figure 4A),

Default mode network

0860

Figure | Source-based morphometry reveals (A) The SN, (B) The CE network, and (C) The DM network. Shown are the structural covariance networks with |Z| > 2.5.
Red/yellow colors correspond to regions in which the voxel volumes show a positive correlation, while blue/light-blue colors correspond to regions in which the voxel

volumes show a negative correlation.

submit your manuscript

2572

Dove

Neuropsychiatric Disease and Treatment 2020:16


http://icatb.sourceforge.net
http://icatb.sourceforge.net
http://www.dovepress.com
http://www.dovepress.com

Dove

Okamoto et al

A (R2=0.43*, p=0.04* *Adjusted for age)
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Serum KYN levels

c (R2=0.26*, p=0.70"

B (R?=0.55%, p=0.26* *Adjusted for age)
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*Adjusted for age)

0.5
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Z-scores of the DM network
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0.0008 0.0010

Serum KYN levels

Figure 2 Serum kynurenine (KYN) levels vs the Z-scores of neural networks in patients with major depression (MD): (A) The salience network (SN), (B) The central

executive (CE) network, and (C) The default mode (DM) network.

CE network (R2=0.52, p=0.73; Figure 4B), or DM net-
work (R2=0.25, p=0.94; Figure 4C).

Discussion

This is the first report investigating the associations between
the three main neural networks (SN, CE, and DM) and serum
KYN levels. We found a positive association between the SN
and serum KYN levels in first-episode, drug-naive patients
with MD. The results were in accordance with findings that

dysregulation in the kynurenine pathway is evident in depres-
sion, which has been reported in both animal and human
studies. In fact, the kynurenine pathway is associated with
not only the diagnosis of MD but also with the severity of
depressive symptoms.>* A recent meta-analysis, however,
found a reduction in serum KYN and KYNA levels, as
well as an increase in QUIN levels, in MD patients compared
to those in healthy control subjects.®’ Importantly, the brain-
peripheral transport system of the KYN pathway has been

Neuropsychiatric Disease and Treatment 2020:16
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(r=-0.17, p=0.49)

30

20

HAMD scores

0.0004 0.0006 0.0008 0.0010

Serum KYN levels

Figure 3 Serum KYN levels and Hamilton Rating Scale for Depression (HAMD)
scores in MD patients.

shown to be regulated by inflammation.'"'* Although KYN
can be produced in the brain by IDO in microglia and
macrophages, most of the KYN in the brain originates from
the periphery.'''*'%?* Several intermediates in the metabolic
branch in which KYN is transformed into QUIN have been
confirmed to be neurotoxic and comprise the neurotoxic
branch of the KP. One of these is 3-HK, which can induce
apoptosis.”® Furthermore, QUIN exerts a neurotoxic effect
through activation of NMDA receptors. The ratio of neuro-
protective factors to neurotoxic factors (KYNA/QUIN)
could also be used to estimate imbalances in KP metabolism
and assess the degree of nerve injury.?’” The KYNA/QUIN
and KYNA/KYN ratios have been suggested as potential
biomarkers for diagnosing major depressive disorder.”® In
response to systemic immune activation, QUIN is formed
from KYN. QUIN enters the CNS from the periphery due to
increased permeability of the blood-brain barrier,'!!>!42!
The enhancement of the activity of IDO by proinflammatory
cytokines also plays an important role. IDO—the first
enzyme in the KYN pathway—converts tryptophan to
KYN. This abnormality can induce neurotoxic conditions
in the brain and therefore compromise vulnerable neuronal
networks, thus making the brain susceptible to MD. Another
recent meta-analysis reported that serum levels of IL-1j,
IL-6, and TNFa are increased in MD,*® which promotes
the transformation of tryptophan to KYN via IDO activation.
Furthermore, we recently reported that cytokines, including

IL-1p and IL-6, changed the morphology and neural connec-
tions of the brains of MD patients.'>'*?*** Upon immune
activation, IDO converts tryptophan to KYN, which reduces
the availability of tryptophan for serotonin synthesis.
However, the mechanisms of KYN pathway dysregulation
remain unclear. Taking these findings into account, we
hypothesized that activated cytokines might disturb the
KYN pathway and GLU neurotransmission in complicated
ways, but which might influence the SN.

The SN consists of the insular cortex, dorsal anterior
cingulate cortex (ACC), temporal pole, and amygdala. It is
responsible for detecting and filtering stimuli as well as
recruiting the relevant functional networks.'>*' Tt is also
important for complex functions including communication,
social behavior, and self-awareness. Abnormal SN connec-
tivity is a crucial link in the pathogenesis of depression,
especially in the insula and amygdala. Importantly, the SN
regulates the CE and DM networks.'’>? In short, the SN
switches the CE and DM networks on and off. The structural
and functional abnormalities of the SN observer in patients
with MD might change in association with symptomatic
improvement when the patient is responding to psychother-
apy and pharmacotherapy. Specifically, the connectivity
among the putamen, caudate, and cingulate may be a good

18,19,33,34 whereas

predictor of response to psychotherapy,
high ACC activity and low striatal activity may predict
responses to antidepressants.’®>> Thus, different networks
within the SN play unique roles in the improvement of
depressive symptoms during psychotherapy or pharma-
cotherapy. In fact, recent findings suggest that the connectiv-
ity between the rostral anterior cingulate cortex and the
rostral anterior insula, a key region of the SN, is an important
prognostic indicator of improvements in depression. The
authors also indicated that early changes in this connectivity
can be useful predictors of remission.”'*® Another important
finding in the present study was a lack of correlation between
serum GLU levels and the three neuronal networks. While
peripheral (serum or plasma) GLU levels are increased in
MD patients,>” a meta-analysis of studies employing proton
magnetic resonance spectroscopy reported reduced levels of
GLU plus glutamine in MD patients.*® Thus, neurotransmis-
sion by glutaminergic neurons may play an important role in
the pathophysiology of MD.***° However, the discrepancy
between peripheral and brain GLU levels remains
unexplained.

Some limitations of our study should be noted. One
potential limitation is the modest sample size and absence

of control subjects, which could have led to some degree

submit your manuscript

2574

Dove

Neuropsychiatric Disease and Treatment 2020:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Okamoto et al
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Figure 4 Serum GLU levels vs Z-scores of the neural networks in MD patients in (A) The SN, (B) The CE network, and (C) The DM network.

of sampling bias. Moreover, although source-based mor-
phometry (SBM), a multivariate method, considers cross-
voxel information and is more robust than univariate
voxel-wise approaches, this approach should be used on

power.*>*!

large datasets to increase statistical
Additionally, the levels of other metabolites within the
KYN pathway, including KYNA, QUIN, and picolinic
acid, should be assessed. The lack of measurement of
tryptophan levels and the consequent unavailability of

metabolite ratios based on it, which could have been

used as an index of IDO activity, also make it difficult to
interpret the results.

In the future, we plan to perform this analysis on
a larger number of patients with age- and sex-matched
healthy controls and include assessment of the levels of
other metabolites in the KYN pathway and calculation of
adjusted ratios, to confirm our results. In conclusion, we
found a positive association between serum KYN levels
and the activity of the SN in first-episode, drug-naive MD
patients, which helps shed light on the etiology of MD.
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