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Abstract

Background: Lysophosphatidic acid (LPA) is involved in numerous biological processes, including neurodevelopment, chronic
inflammation, and immunologic response in the central nervous system. Autotaxin (ATX) is a secreted enzyme that produces
LPA from lysophosphatidylcholine (LPC). Previous studies have demonstrated decreased protein levels of ATX in cerebrospinal
fluid (CSF) of patients with major depressive disorder (MDD). Based on those studies, the current study investigated the levels
of lysophospholipids species including LPA and related metabolic enzymes, in CSF of patients with MDD and schizophrenia
(SCZ).

Methods: The levels of lysophospholipids species and related metabolic enzymes were measured with either liquid
chromatography-tandem mass spectrometry or enzyme-linked immunosorbent assay. Japanese patients were diagnosed
with DSM-IV-TR. CSF was obtained from age- and sex-matched healthy controls (n=27) and patients with MDD (n=26) and
SCZ (n=27).

Results: Of all lysophospholipids species, the levels of LPA 22:6 (LPA - docosahexaenoic acid) were significantly lower in patients
with MDD and SCZ than in healthy controls. These levels were negatively correlated with several clinical symptomatic scores

Received: March 7, 2021; Revised: May 24, 2021; Accepted: June 30, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of CINP.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, 948
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-9962-8444
mailto:mtakebayashi@kumamoto-u.ac.jp?subject=

Omorietal. | 949

Significance Statement

mentofLPA22:6in the pathophysiology of MDD.

Lysophosphatidic acid (LPA) is involved in numerous biological processes in the central nervous system. Autotaxin (ATX) is a
secreted enzyme that produces LPA from lysophosphatidylcholine (LPC). There are numerous LPA molecular species (LPAs) iden-
tified by the length and degree of saturation of the fatty acid moiety. The current study found that the levels of LPA 22:6 (LPA
- docosahexaenoic acid [DHA]) were significantly lower in cerebrospinal fluid (CSF) of patients with major depressive disorder
(MDD) and schizophrenia (SCZ) and that they were negatively correlated with several clinical symptomatic scores of MDD, but
not those of SCZ. In addition, the levels of LPA 22:6 were significantly correlated with the levels of LPC 22:6 among all 3 groups,
but the levels of LPA 22:6 were not correlated with ATX activity in patients with both MDD and SCZ.Theseresults suggestinvolve-

of MDD, but not those of SCZ. In addition, the levels of LPA 22:6 were significantly correlated with the levels of LPC 22:6 among
all 3 groups. On the other hand, the levels of LPA 22:6 were not correlated with ATX activity in patients with MDD and SCZ.
Conclusion: The lower levels of LPA 22:6 in patients with MDD and SCZ suggest an abnormality of LPA 22:6 metabolism. In
addition, several depressive symptoms in patients with MDD were significantly associated with the lower levels of LPA 22:6,
suggesting an involvement of LPA 22:6 in the pathophysiology of MDD.

Keywords: Cerebrospinal fluid, docosahexaenoic acid, lysophosphatidic acid, major depressive disorder, schizophrenia

Introduction

Lysophosphatidic acid (LPA) is involved in numerous bio-
logical processes, including neuroprogenitor cell function
(Yung et al., 2011), myelination (Anliker et al., 2013), synaptic
transmission (Trimbuch et al., 2009), chronic inflammation
(Barbayianni et al., 2015), and immunologic response in the
CNS (Schilling et al., 2004). There are a large number of mo-
lecular species of LPA (LPAs) present in biological fluids iden-
tified by the length and degree of saturation of the fatty acid
moiety (Baker et al., 2000), and each LPA has a various physio-
logical function in various tissues and organs (Kurano et al,,
2015). LPAs exert their effects through at least 6 cognate G
protein-coupled receptors (LPA,-LPA) (Yung et al., 2015) and
are degraded by the ecto-activity of a family of the phospho-
lipid phosphatases (PLPPs: PLPP1-3), which hydrolyzes the
phosphate head group from LPA to produce monoacylglycerol
(MAG) (Benesch et al., 2016).

In some pathways of LPA production, the most significant
is the autotaxin (ATX) pathway. In this pathway, ATX cleaves
lysophosphatidylcholine (LPC) to form LPA and choline (Umezu-
Goto et al.,2002; Perrakis and Moolenaar, 2014; Yang and Chen, 2018).
Other minor lysophospholipids, such as lysophosphatidylserine
(LPS) and lysophosphatidylethanolamine (LPE), and phosphatidic
acid (PA) are also enzymatically metabolized to LPA (Pages et al.,
2001; Ramesh et al., 2018; Yang and Chen, 2018).

Recent studies suggest that LPA may be implicated in a
number of neuropsychological functions and neuropsychi-
atric diseases (Yung et al., 2015). Antidepressants bind to the
LPA, receptor expressed in brain astrocytes (Kajitani et al,
2016; Olianas et al., 2016) and increase the expression of glial
cell line-derived neurotropic factor (Kajitani et al., 2016),
an important mediator of major depressive disorder (MDD)
(Takebayashi et al., 2006; Uchida et al., 2011; Tsybko et al., 2017).
Decreased protein levels of ATX were observed in serum and
cerebrospinal fluid (CSF) of patients with MDD (Itagaki et al.,
2019). LPA, receptor-deficient mice demonstrate signs of anx-
ious depression (Moreno-Fernandez et al., 2017) and schizo-
phrenia (SCZ) (Harrison et al., 2003; Roberts et al., 2005). LPA
signaling initiates SCZ-like brain and behavioral changes in
a mouse model of prenatal brain hemorrhage (Mirendil et al.,
2015). These studies suggest a possible association between

LPA and the pathophysiology of major psychiatric disorders
such as MDD and SCZ.

Although there were no published studies about blood or
brain LPA levels in MDD and SCZ, examining LPA levels in CSF
may contribute to the elucidation of the pathophysiology of MDD
and SCZ. Recently, the measurement of total LPA levels in CSF
with enzyme-linked immunosorbent assays showedthere were
no significant differences in the levels of total LPA in CSF among
healthy controls (HC) and patients with MDD and SCZ (Gotoh
et al.,, 2019a, 2019b). However, these studies did not examine the
levels of each LPAs and related metabolic enzymes, such as ATX
and PLPP. Therefore, we measured the levels of molecular LPAs
including LPA and related metabolic enzymes in CSF of HC and
patients with MDD and SCZ.

Methods and Materials

Participants

Japanese patients were recruited at the National Center of
Neurology and Psychiatry (NCNP), Tokyo, Japan, through an
announcement on the NCNP website between May 2010 and
July 2017. HC were recruited from the community through
advertisements in a free local magazine and an announce-
ment on the website of the NCNP. All individuals under-
went a structured interview with the Mini-International
Neuropsychiatric Interview, Japanese version (Sheehan et al.,
1998; Otsubo et al., 2005), administered by trained psycholo-
gists or psychiatrists. For patients with either MDD or SCZ,
a consensus diagnosis was performed according to DSM-IV
criteria (American Psychiatric Association, 2000) based on
the Mini-International Neuropsychiatric Interview, additional
unstructured interviews, and medical records. Individuals
were excluded from this study if they had a history of CNS
disease, severe head injury, or substance abuse. From all in-
dividuals, a CSF sample was collected via lumbar puncture.
Twenty-six patients were diagnosed with MDD and 27 pa-
tients were diagnosed with SCZ. Twenty-seven healthy indi-
viduals, with no history of past or current mental disorders,
were recruited as HC. Antidepressant doses were converted to
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imipramine (IMI)-equivalent doses (Inada and Inagaki, 2015).
Antipsychotic doses were converted to chlorpromazine (CPZ)-
equivalent doses (Inada and Inagaki, 2015). This study was
conducted in accordance with the Declaration of Helsinki and
approved by the ethics committee of the National Hospital
Organization Kure Medical Center and by the ethics com-
mittee of the NCNP, Japan. Written informed consent was
obtained from all participants.

Assessment of Clinical Symptoms

Clinical symptoms of MDD were assessed with a 21-item version
of the Hamilton Rating Scale for Depression (HAMD 21-items).
Clinical symptoms of SCZ were assessed with the Positive and
Negative Syndrome Scale (PANSS).

Lumbar Puncture

Lumbar puncture was performed according to procedure
guidelines at the NCNP (Hattori et al., 2015). Samples were
obtained at the NCNP between May 2010 and July 2017. After
neurologic examination, each participant received local anes-
thesia followed by a lumbar puncture at L3-4 or L4-5 using an
atraumatic pencil point needle (Uniever 22G, 75 mm, Unisis
Corp, Tokyo, Japan). A quantity of 8 mL CSF was collected
in a low-protein adsorption tube (PROTEOSAVE SS 15 mL
Conicaltube, Sumitomo Bakelite Co., Japan) and immediately
chilled on ice. CSF was then centrifuged (4000gx 10 minutes,
4°C), and the supernatant was dispensed into 0.5-mL ali-
quots in low-protein adsorption tubes (PROTEOSAVE SS 1.5 mL
Slimtube, Sumitomo Bakelite Co.) and stored in a deep freezer
(-80°C) until use.

Measurement of Lysophospholipids and PA Species
Using liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

Lysophospholipids and PA species were measured as previously
described with minor modification (Okudaira et al., 2014; Kawana
et al., 2019). The CSF samples were mixed and sonicated with
a ninefold volume of methanol containing internal standard
(0.1 pM LPA 17:0, 1 pM LPC 17:0, and 1 pM PA 24:0, final concentra-
tion). After centrifugation at 21500x g, the resulting supernatant
was filtrated. Then, 20 pL of methanol extract was separated
using UltiMate 3000 (Thermo Fisher Scientific) equipped with
a C18 CAPCELL PAK ACR column (1.5x100 mm; Shiseido, Tokyo,
Japan) for lysophospholipids or a C8 CAPCELL PAK UG120 column
(1.5x 150 mm; Shiseido) for PA using a gradient of solvent A (5 mM
ammonium formate in water, pH 4.0) and solvent B (5 mM am-
monium formate in 95% [v/v] acetonitrile, pH 4.0). In this study,
lipids were extracted under neutral conditions, and 1-acyl- 2- and
2-acyl-1- lysophospholipids were not separated. Mass spec ana-
lysis was performed with a TSQ Quantiva system equipped with
a heated electrospray ionization (ESI) interface and operated in
the selected reaction monitoring mode. The precursor ions of
LPC and PA were [M+H]+ for the positive ion mode, and those of
other lysophospholipids were [M-H]- for the negative ion mode.
The concentrations of lysophospholipids and PA were calculated
from the area ratio to the internal standard: LPA 17:0 (for LPA,
LPE, lysophosphatidylglycerol (LPG), lysophosphatidylinositol
(LPI), and LPS species), LPC 17:0 (for LPC species), or PA 24:0 (for
PA species).

ATX Activity Assay

Lysophospholipase D activity of ATX (ATX activity) in CSF sam-
ples was assessed based on the amount of choline released
using LPC as the substrate, as described previously (Umezu-Goto
et al.,, 2002).

Measurement of the Levels of PLPPs by Enzyme-
Linked Immunosorbent Assay

The levels of PLPP 1, 2, and 3 in CSF were measured with the cor-
responding human lipid phosphate phosphohydrolase 1, 2, and 3
immunoassays (MyBioSource, Inc., San Diego, CA, USA) according
to the manufacturer’s instructions. Quantification was performed
with a Multiskan GO Microplate spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). As a pilot study, the levels of
PLPP1, 2, and 3 in CSF were measured in 2 HC. Pilot data showed
that PLPP1 was detected in the CSF of 2 HC and that PLPP2 and 3
levels were below the detection limit (data not shown). The PLPP1
levels in CSF were measured in an additional 26 patients with
MDD, an additional 27 patients with SCZ, and an additional 27 HC.

Statistical Analysis

Data are shown as mean=SD. Tests for normality were per-
formed using the Shapiro-Wilk test and data were analyzed with
nonparametric statistics. Kruskal-Wallis test was used to evaluate
significant differences in parameters (clinical and/or labora-
tory values) among the groups (HC, MDD, and SCZ). Bonferroni
test was performed as a post-hoc test. Significant differences in
parameters between patients with MDD and SCZ were evaluated
with Mann-Whitney U-test. The chi-square test was used for cat-
egorical variables. Potential effects of confounding factors were
corrected with multivariate linear regression analysis for the
levels of lysophospholipids and related substances. As the infor-
mation of medication was not unavailable in many of patients
with MDD and SCZ, IMI and CPZ equivalent doses were excluded
as confounding factors. Statistical significance was defined as a
2-tailed P<.05. All statistical analyses were performed with SPSS
version 22.0 for Windows (IBM Japan Corporation, Tokyo, Japan).

Results

Clinical and Laboratory Data

Details of participant clinical data are shown in Table 1. Twenty
seven HC, 26 patients with MDD, and 27 patients with SCZ were
included (40 men and 40 women; mean age, 40.3+8.6 years). Sex
and mean age did not significantly differ among the HC, MDD,
and SCZ groups. Patients with SCZ had significantly higher BMI
compared with patients with MDD. The mean HAMD 21-items
score showed mild to moderate depression in patients with
MDD. The mean PANSS score showed minimal to mild symp-
toms in patients with SCZ.

Levels of LPAs in CSF of HC, MDD, and SCZ

Nine LPAs (14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 20:3, 20:4, and
22:6) were detected in CSF of all participants. The levels
of LPA 22:6 in CSF of patients with MDD and SCZ were sig-
nificantly lower than those of HC (supplementary Table 1;
MDD: nonstandardized coefficient B=-0.125, P=.038; SCZ:
nonstandardized coefficient B=-0.205, P=.001). On the
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Table 1. Participant Clinical and Laboratory Data

HC (n=27) MDD (n=26) SCZ (n=27) P value
Sex, female 14 (51.9%) 13 (50.0%) 13 (48.1%) 19647
Age (y) 404+7.8 40.4+8.3 40.1 £ 10.0 .967°
BMI (kg/cm?) 223+28 215+4.1 25.2 £ 5.3 (n=26) 019"
HAMD21-items score 159+7.3
PANSS total score 70.8+17.9
PANSS positive score 16.1+6.0
PANSS negative score 194 +6.0
PANSS cognitive or general psychopathology score 35.3+10.7
IMI-equivalent doses (mg/d) 200.5 + 151.0 (n = 16)
CPZ-equivalent doses (mg/d) 26.8+41.1 (n=14) 705.5 + 611.7 (n = 13) .002¢"

Abbreviations: BMI, body mass index; CPZ, chlorpromazine; HAMD, Hamilton Rating Score for Depression; HC, healthy controls; IMI, imipramine; MDD, major depres-
sive disorder; PANSS, Positive and Negative Syndrome Scale; SCZ, schizophrenia. *P<.05, "P<.01.
Data shown as either mean+SD and number or number and percent of total (%).

“Comparison between 3 groups by chi-squared test.

*Comparison between 3 groups by the Kruskal Wallis test.
cComparison between 2 patients groups by the Mann-Whitney U-test.
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Figure 1. The levels of molecular species of lysophosphatidic acid (LPAs) in cerebrospinal fluid (CSF) of healthy controls (HC) and in patients with major depressive dis-
order (MDD), and schizophrenia (SCZ). Scatter plot of CSF levels of LPAs in HC and in patients with MDD and SCZ. The horizontal bars represent mean values adjusted

for confounding factors for LPAs. N.S., not significant. *P<.05, "P<.01.

other hand, there were no significant differences in the
levels of other LPAs among all 3 groups (supplementary
Table 1; Figure 1). The mean levels of LPA 22:6 adjusted for
LPC 22:6 and PLPP1 in CSF of HC and patients with MDD and
SCZ were 1.196+0.251, 1.072+0.166, and 0.986+0.199 nM,
respectively (Figure 1). There were no significantdiffer-

encesinthelevels of LPA total

(14:0+16:0+16:1+18:0+18:1+1

8:2+ 20:3+20:4+22:6)in CSFamongall of three groups (supple-

mentaryTable 1; Figure 2A).

Levels of LPC and Minor Lysophospholipid Species
in CSF of HC, MDD, and SCZ

Eleven LPC species (14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 20:3, 20:4, 20:5,
22:5, and 22:6) were detected in CSF of all participants. There
were no significant differences in the levels of all of 11 LPC spe-
cies in CSF among all 3 groups (supplementary Table 2; supple-
mentary Figure 1). LPE, LPG, LPI, and LPS species were below the
detection limit (data not shown).
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Constant 0.019 (-0.659~0.697) .954
LPC 22:6 0.250 (0.092~0.408) 0.510 .003”
ATX activity 0.007 (0.001~0.014) 0.347 .036
R?=0.425, model P<.001""
(2) MDD
Constant 0.723 (0.590~0.855) <.001"""
LPC 22:6 0.276 (0.187~0.364) 1.192 <001
PLPP1 -0.005 (-0.009~-0.001) -0.532 .009™
R?=0.702, model P<.001""
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R?=0.165, model P=.039
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Figure 2. The levels of total lysophosphatidic acid (LPA), autotaxin (ATX) activity, and phospholipid phosphatasel (PLPP1) and multivariate linear regression analyses
for LPA 22:6 in cerebrospinal fluid (CSF) of healthy controls (HC) and in patients with major depressive disorder (MDD) and schizophrenia (SCZ). (A) Scatter plot of
CSF levels of total LPA in HC and in patients with MDD and SCZ. The horizontal bars represent mean values adjusted for lysophosphatidylcholine (LPC) total and sex.
N.S., not significant. (B) Scatter plot of ATX activity in CSF of HC and in patients with MDD and SCZ. The horizontal bars represent mean values adjusted for age. N.S,,
not significant. (C) Scatter plot of CSF levels of PLPP1 in HC and in patients with MDD and SCZ. The horizontal bars represent mean values adjusted for age and sex.
N.S., not significant. (D) Variables selected among LPC 22:6, ATX activity, PLPP1, age, sex (male), and body mass index by stepwise method. The levels of LPA 22:6 were
significantly correlated with the levels of LPC 22:6 among all 3 groups, but the levels of LPA 22:6 were not correlated with ATX activity in patients with MDD and SCZ.

*P<.05, "P<.01, "P<.001.

ATX Activity and Levels of PLPP1 and PA Species in
CSF of HC, MDD, and SCZ

ATX activity and the levels of PLPP1 were detected in CSF of all
participants. There were no significant differences in ATX ac-
tivity among all of 3 groups (supplementary Table 3; Figure 2B).
Also, there were no significant differences in the level of PLPP1
among all 3 groups (supplementary Table 4; Figure 2C). Although
3 PA species (34:1, 34:2, 36:2) were detected, most were below the
limit of detection (data not shown).

Correlation Between Levels of LPA 22:6 and Levels of
LPC 22:6 or ATX Activity in CSF of HC, MDD, and SCZ

Correlation coefficients were calculated between the levels of
LPA 22:6 and the levels of LPC 22:6 or ATX activity in HC and
patients with MDD and SCZ using linear regression analysis
(Figure 2D). The levels of LPA 22:6 were significantly correlated
with those of LPC 22:6 among all 3 groups. There was a signifi-
cant positive correlation between the levels of LPA 22:6 and ATX
activity in HC (nonstandardized coefficient B=0.007, P=.036).
However, there was no significant correlation between the levels
of LPA 22:6 and ATX activity in patients with either MDD or SCZ.

Correlation Between Levels of LPA 22:6 in CSF and
Psychiatric Symptom Scores in MDD or SCZ

Correlation coefficients adjusted for LPC 22:6 and PLPP1 were
calculated between the levels of LPA 22:6 in CSF and psychiatric

symptom scores using linear regression analysis in patients with
MDD or SCZ (Figure 3). Although there were no significant cor-
relations between the levels of LPA 22:6 in CSF and total scores
of HAMD 21-items in patients with MDD, there were significant
negative correlations between the levels of LPA 22:6 in CSF and
individual scores of 3 items of HAMD (item 12: loss of appetite,
item 16: loss of weight, item 20: paranoid symptoms) in patients
with MDD. However, there were no significant correlations be-
tween the levels of LPA 22:6 in CSF and either PANSS total score
or any individual PANSS score in patients with SCZ.

Discussion

The levels of LPA 22:6 in CSF were specifically and significantly
lower in patients with MDD and SCZ than in HC, although there
were no significant differences in the levels of total LPA in CSF
among all 3 groups. In addition, the levels of LPA 22:6 were nega-
tively correlated with several HAMD item scores in patients with
MDD but not correlated with any PANSS individual scores in pa-
tients with SCZ. This is the first study, to our knowledge, to show
the correlation of a specific molecular LPAs with MDD.
Although the levels of LPA 22:6 were significantly correlated
with those of LPC 22:6, a precursor of LPA, the levels of LPA 22:6
were not correlated with ATX activity in patients with MDD
and SCZ among all 3 groups. In addition, LPA 22:6 is most likely
generated via an ATX-mediated pathway in HC. These suggest
that the LPC-ATX-LPA pathway may work abnormally in pa-
tients with MDD and SCZ, which may lead to lower levels of
LPA 22:6 in patients with MDD and SCZ. In addition, it has been
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Correlation Between the Levels of LPA 22:6 in CSF and Psychiatric Symptom Scores in MDD or SCZ

1) Correlation between the levels of LPA 22:6 and HAMD scores in patients with MDD

Nonstandardized

coefficient B

P value

Total scores of HAMD 21-items -0.002 ‘ .702
Item 12: loss of appetite -0.098 ‘ .024*
Item 16: loss of weight -0.149 =2 .035*
Item 20: paranoid symptoms -0.161 T i T “ — .038*

5 .10 .05 0
2) Correlation between the levels of LPA 22:6 and PANSS scores in patients with SCZ
Nonstandardized P value
coefficient B
PANSS total score 0.002 & ! : | 635

.5 .10 .05 0

Figure 3. Correlation between the levels of lysophosphatidic acid (LPA) 22:6 in cerebrospinal fluid (CSF) and psychiatric symptom scores in patients with major de-
pressive disorder (MDD) or schizophrenia (SCZ). Correlation between the levels of LPA 22:6 in CSF and psychiatric symptom scores in patients with MDD or SCZ. The
correlation coefficients were calculated using linear regression analysis and adjusted for lysophosphatidylcholine (LPC) 22:6 and phospholipid phosphatasel (PLPP1).
*P<.05. (1) Correlation between the levels of LPA 22:6 and the Hamilton Rating Scale for Depression (HAMD) scores in patients with MDD. (2) Correlation between the
levels of LPA 22:6 and the Positive and Negative Syndrome Scale (PANSS) scores in patients with SCZ.

shown that LPC 22:6 is specifically transported across the blood
brain barrier via Mfsd2a, a specific transporter of LPC (Lagarde
et al,, 2001; Nguyen et al., 2014; Sugasini et al., 2017). Mfsd2a-
deficient mice exhibit severe signs of psychiatric disturbance
such as anxiety (Nguyen et al., 2014). Although these studies
of Mfsd2a may suggest the involvement of Mfsd2a in the lower
level of LPA 22:6 in patients with MDD and SCZ, there were also
no significant differences in the levels of LPC 22:6 among all 3
groups in this study. Therefore, to elucidate the role of LPA 22:6
in the pathophysiology of MDD and SCZ, it is necessary to in-
vestigate the abnormal metabolic regulation of LPA 22:6 via the
Mfsd2a/LPC 22:6/ATX/LPA 22:6 pathway with not only CSF, but
also postmortem brains of patients with MDD and SCZ, in vivo
neurochemical brain imaging with magnetic resonance spec-
troscopy or brains of nonhuman animal models.

In addition to the LPC/ATX pathway, LPA 22:6 is also gener-
ated from minor lysophospholipids such as 22:6 LPE (Kurano
et al,, 2015) and PA (Pages et al., 2001). However, the levels of
minor lysophospholipids, such as 22:6 LPE, and PA in CSF were
below the level of detection in all 3 groups. These suggest that
the decreased levels of minor lysophospholipids and PA may be
involved in the lower level of CSF LPA 22:6 in patients with MDD
and SCZ.To confirm it, measurement of minor lysophospholipids
and PA with a higher sensitive method such as gas chromatog-
raphy is needed.

LPA 22:6 represents 1- or 2-acyl LPA-containing docosahe-
xaenoic acid (DHA). DHA, an essential omega 3 fatty acid, is
specifically concentrated in nervous tissues, including the
brain and retina, and is essential for normal neurological de-
velopment and function (Sugasini et al., 2017). DHA deficiency
is associated with several psychiatric disorders, including de-
pression (McNamara, 2010; Grosso et al., 2016) and SCZ (Sethom
et al., 2010). Previous postmortem brain studies indicate the de-
creased level of DHA in the orbitofrontal cortex of patients with
MDD (McNamara et al., 2007a) and SCZ (McNamara et al., 2007b).
Supplementation with DHA (Marangell et al., 2003; Mischoulon

et al.,, 2008) or omega-3 polyunsaturated fatty acids containing
DHA (Liao et al., 2019) improve depressive symptoms. DHA pene-
trates to the brain as LPC-DHA (LPC 22:6) via Mfsd2a (Lagarde
et al,, 2001; Nguyen et al., 2014; Sugasini et al., 2017). LPC-DHA
is metabolized to LPA-DHA (LPA 22:6), which is in turn metabol-
ized to MAG-DHA (MAG 22:6) by PLPPs. MAG-DHA could be even-
tually converted to DHA in the brain (Destaillats et al., 2018).
Therefore, the lower levels of LPA 22:6 in patients with MDD and
SCZ might lead to the decreasd levels of MAG-DHA, which might
be involved in the pathophysiology of MDD and SCZ. In addition,
several depressive symptoms in patients with MDD were signifi-
cantly associated with the lower level of LPA 22:6, suggesting
an involvement of LPA 22:6 in the pathophysiology of MDD. In
the case of SCZ, the mean PANSS score showed minimal to mild
symptoms in patients with SCZ in this study. This may explain
why the levels of LPA 22:6 were not correlated with any PANSS
individual scores in patients with SCZ. Therefore, the possibility
of involvement of LPA 22:6 in the pathophysiology of SCZ cannot
be denied. In a future study, it is necessary to investigate SCZ pa-
tients with a wider range of severity.

Our previous report showed the decreased protein levels of
ATX in CSF of patients with MDD (Itagaki et al., 2019). Contrary
to expectations, this study showed that ATX activity in CSF of
patients with MDD did not significantly differ from that of HC.
As the levels of LPC in plasma are abundant, the protein levels of
ATX strongly correlate with ATX activity (Nakamura et al., 2008).
As in this past study, a correlation between the protein levels of
ATX and ATX activity in CSF was observed under higher levels
of LPC and LPA in the pathological situation such as inflamma-
tion. However, the protein levels of ATX did not correlate with
ATX activity under normal or low levels of LPC and LPA in CSF
(Hayakawa et al., 2019). The levels of LPA and LPC in CSF were
normal or relatively low, which may explain the discrepancy be-
tween our current study and previous study. Therefore, it is im-
portant to examine the levels of LPA to see the ATX activity as an
LPA-producing enzyme.
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This study has several limitations. First, because of the
limited CSF volume, it was not possible to measure MAG-DHA,
which is useful to confirm the reduction of LPA 22:6. Next, the
correlations between the levels of LPA 22:6 and the IMI and CPZ
equivalent doses were not significant in this study (data not
shown). In addition, a previous study showed that antipsychotics
are able to influence the levels of total LPA in CSF (Gotoh et al.,
2019b). Therefore, the current study is not able to completely
rule out a potential effect of medications on the levels of LPA
22:6 in CSF. To rule it out, medicated and medication-free pa-
tients with MDD and SCZ are needed. Finally, the number of par-
ticipants in each group was rather small. Therefore, we need to
replicate this study with a larger sample to confirm repeatability
and validity of our findings.

In conclusion, the levels of LPA 22:6 (LPA-DHA) were signifi-
cantly lower in the CSF of patients with MDD and SCZ than HC,
possibly through an abnormality of LPA 22:6 metabolism. In add-
ition, several depressive symptoms in patients with MDD were
significantly associated with the lower levels of LPA 22:6 in CSF,
suggesting an involvement of LPA 22:6 in the pathophysiology
of MDD.
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