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Purpose: Major depressive disorder (MDD) is a highly prevalent psychiatric condition with complex and heterogeneous biological
underpinnings. Lipid dysregulation has emerged as a potential contributor to MDD pathophysiology. However, comprehensive
lipidomic profiling studies in Japanese individuals remain limited. This study aimed to investigate serum lipidomic alterations in
Japanese patients with MDD and explore the potential associations with depression severity.

Patients and Methods: We conducted a real-world observational study including 30 Japanese patients with MDD and 30 healthy
controls. Depression severity was assessed using the Montgomery—Asberg Depression Rating Scale. Lipidomic analysis identified 344
lipid peaks from serum samples. Multivariate and univariate statistical analyses were employed to identify differentially expressed
lipids and their correlations with clinical symptoms.

Results: Thirty lipids were found to differ significantly between groups, with 7 elevated and 23 reduced in the MDD cohort. Pathway
enrichment analysis highlighted disruptions in lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE),
N-acylethanolamines, and fatty acylcarnitines. Notably, levels of LPC (20:3), platelet-activating factor (20:5), and platelet-activating
factor (18:3) were negatively correlated with depression severity, suggesting a potential link to mood regulation.

Conclusion: The pronounced enrichment changes observed in LPC and LPE—Ilipid species involved in membrane remodeling and
cellular signal transduction—are consistent with previous findings. However, the observed negative correlations with psychiatric
symptom severity were contrary to prior expectations. These results underscore the importance of interpreting lipidomic data in the
context of specific population characteristics, methodological frameworks, and clinical settings. They suggest potentially meaningful
metabolic alterations associated with MDD and provide a foundation for future longitudinal and mechanistic investigations.
Keywords: lipidome, lipidomics, lysophosphatidylcholine, major depressive disorder, platelet-activating factor

Introduction

Major depressive disorder (MDD) is a common disorder worldwide, with an increasing annual prevalence. Nearly one in
five individuals experience at least one episode during their lifetime, resulting in a large social and economic burden.'*>
The complex biochemical network involved in the pathophysiology of MDD remains unclear, and as such, specific
biochemical markers that would enable more accurate diagnosis and prognosis remain unknown.>* However, the
involvement of lipids in this disease has been increasingly emphasized.’

Cellular lipid metabolism is a complex network process involving dozens of enzymes, multiple organelles, and over
1000 lipid types,® which has limited its analysis in the past. However, recent advancements in research on disease
pathophysiology and the advent of the omics approach—which is a comprehensive analytical technique—have signifi-
cantly contributed to the elucidation of the fundamentals of several diseases and the discovery of specific biomarkers,
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leading to many breakthroughs.”® Lipidomics facilitates the identification of disruptions in the entire lipid profile
(lipidome) of patients with MDD.*'°

Lipids comprise major classes, such as cholesterol, fatty acids, triacylglycerols, glycerophospholipids, glycosphingo-
lipids, and sphingomyelin, as well as physiological processes, such as energy metabolism and neuroendocrine function.
Lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) have been widely studied as pro-inflammatory
mediators, promoting monocyte recruitment and cytokine production while also playing a role in modulating membrane
curvature and inflammation.”'"'> Meanwhile, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), two major
omega-3 polyunsaturated fatty acids commonly found in fish oils, exert anti-inflammatory and neuroprotective
functions.'>'> These fatty acids influence membrane fluidity, receptor function, and synaptic transmission. Decreased
levels of DHA and EPA can be associated with MDD.'®!” In addition, acylethanolamines (eg, anandamide, AEA) belong
to the endocannabinoid family and play important roles in synaptic plasticity, stress response regulation, and neuro-
transmitter release through cannabinoid receptor-1 signaling.'® AEA can exhibit both pro- and anti-inflammatory effects
depending on receptor context and physiological state.'”

The brain is rich in polyunsaturated fatty acids and is a major target of damage caused by reactive oxygen species
produced by chronic stress.’®*' Inflammation and oxidation often affect brain lipid profiles and membrane lipid
compositions and could affect membrane structure, function, and characteristics. As lipids can easily cross the blood-
brain barrier, disruptions in brain lipid profiling may also be reflected in the blood.?® Given that inflammation is an
important biological process related to MDD onset,”* changes in the characteristics of lipids that promote inflammation
or have anti-inflammatory effects in the brain can possibly be measured in the blood.***

Lipidomic studies have already begun to identify lipid classes and specific species that differentiate patients with MDD
from healthy individuals. For instance, Liu et al reported that in patients with MDD, the total levels of lipid classes such as
LPC, LPE, phosphatidylcholines, phosphatidylethanolamine, phosphatidylinositol, diacylglycerol, and triacylglycerol
increased while some sphingomyelin species decreased.”* Chan et al investigated the lipid profiles of patients with coronary
artery disease and reported that 10 phospholipid types exhibited excellent discriminative power (84%) in distinguishing
patients with coronary artery disease who had depressive symptoms from those who did not.>

While these findings underscore the potential of lipidomics for psychiatric research, the field is still in its developing
stages. Moreover, many of the related studies were conducted in Western populations; however, accumulating evidence
suggests that lipidomic profiles can vary substantially across ethnicities due to differences in genetic background, dietary
habits, and environmental exposure.’®?’ Therefore, investigating lipidomic alterations in diverse ethnic groups is
important for improving the generalizability of lipidomic biomarkers in MDD research. Japan presents a unique context
for such investigation, given the population’s distinct nutritional profiles (eg, high fish and omega-3 fatty acid intake),
relatively low obesity rates, longevity, and potential cultural and genetic differences in stress response.”® > However,
comprehensive lipidomic studies focusing on Japanese patients with MDD are scarce. Addressing this gap is essential for
uncovering population-specific pathophysiological mechanisms and identifying more universally applicable or tailored
biomarkers.

This study conducted a serum lipidomic analysis of real-world Japanese patients with MDD and a healthy control
(HC) group to investigate lipidome alterations associated with depressive symptoms. We analyzed the data from three
perspectives: individual lipid species difference, pathway enrichment as lipid class, and correlation with depressive
symptom severity.

Materials and Methods

Ethics Statement

This study was approved by the Ethics Committee of the University of Occupational and Environmental Health, Japan
(approval no. UOEHCRB21-164). Written and verbal consent were obtained from all participants. The study was

conducted in accordance with the principles of the Declaration of Helsinki.
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Study Design and Participants

This observational study, conducted in a real-world clinical setting, examined participants’ mental state and blood
data at the time of enrollment. A total of 60 individuals were included, comprising 30 patients with MDD and 30
HC. Patients with MDD were recruited from outpatient psychiatric clinics and diagnosed by psychiatrists according
to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition. Inclusion criteria for the MDD group
included aged 18-65 years, a confirmed diagnosis of MDD without comorbid psychiatric disorders, and either no
current pharmacological treatment or stable use of antidepressants. We aimed to recruit participants in generally
good medical condition. When comorbid medical conditions were present, only those who were medically well-
controlled and clinically stable at the time of blood sampling and clinical assessment (eg, controlled hypertension
or diabetes) were included. Patients with severe or poorly managed medical illnesses were excluded. Healthy
controls were recruited through the medical staff at our university. Through structured interviews and health
screenings, they were confirmed to have no history of psychiatric or major medical disorders. We tried to match
the MDD and HC groups as closely as possible in terms of three basic demographic data: age, sex, and body mass
index (BMI).

Clinical Assessment and Blood Sampling

Depression severity was evaluated using the Montgomery—Asberg Depression Rating Scale (MADRS). The MADRS is
often used in clinical trials to select patients and assess treatment efficacy. Structured interview guides have been found to
improve the reliability of scales.*® There was no restriction on the time of blood collection; however, a 30 min resting
period was set before blood collection. Patient blood samples were collected in regular blood collection tubes at the
University of Occupational and Environmental Health. The serum was centrifuged at 2000 x g for 20 min and stored at

—80°C in silicon-coated tubes until analysis.

Lipidomics Analysis
Lipidomics analysis (to measure the lipidome) was conducted at Human Metabolome Technologies (HMT, Tsuruoka
City, Japan).

As a pretreatment, 100 pL of serum was mixed with 300 uL of 0.1% formic acid in methanol containing internal
standards (H3304-1002, HMT, Inc., Tsuruoka, Yamagata, Japan) and centrifuged at 9100 x g and 4°C for 10 min. Then,
250 pL of the supernatant was mixed with 550 pL of 0.1% formic acid and loaded into a solid phase extraction column
(MonoSpinC18, 5010-2170, GL Sciences Inc., Tokyo, Japan). The analytes in the SPE column were purified with 0.1%
formic acid, followed by 0.1% formic acid in 25% methanol, and subsequently eluted with 200 pL of 0.1% formic acid in
methanol.

Lipidomic analysis was conducted according to HMT’s Mediator Scan package using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). LC-MS/MS analysis was carried out using an Agilent 1260 Infinitylland Agilent 1290
InfinitylIHigh Speed Pump equipped with AB Sciex QTRAP 5500 (AB Sciex Pte. Ltd., Framingham, MA, USA). The
multiple reaction monitoring mode was used to detect signals of each metabolite according to HMT’s metabolite
database. MRM ion chromatograms were extracted using MultiQuant automatic integration software (AB Sciex) to
obtain peak area information. The peak area of each metabolite was normalized to that of the internal standard and
sample volume to obtain the relative levels of each metabolite.

Analysis was conducted on substances registered in the HMT Metabolite Library. The detected peaks were classified
into fatty acids, acylcarnitines (AC), endocannabinoid (AEA), platelet-activating factor (PAF), lysoPAF, arachidonic acid
metabolites, eicosapentaenoic acid metabolites, docosahexaenoic acid metabolites, steroid, lysophosphatidic acid (LPA),
LPC, LPE, sphinganine, sphingosine, lysophosphatidylglycerol (LPG), lysophosphatidylinositol (LPI), lysophosphati-
dylserine (LPS), shinganine-1P, shingosine-1P, glucosylceramide, lactosylceramide, seramide, and gangliosides based on
the candidate compounds. Consequently, 344 peaks were detected and assigned candidate compound names.
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Pathway Enrichment Analysis

Enrichment analysis is a statistical method for evaluating whether lipid molecules that show significant variation between
groups are biased toward specific lipid classes or functional categories. The lipids that showed significant differences in
the actual observations are compared with the expected values obtained by randomly selecting lipids based on the overall
background data, and it is determined whether the corresponding class is statistically significantly enriched. Pathway
enrichment analysis was performed using MetaboAnalyst 5.0.%

Statistical Analysis

Statistical analyses were performed using STATA 17 (Stata Corp., College Station, TX, USA). We used Welch’s ¢-test for
the between-group differences test. In addition, we performed an orthogonal partial least-squares-DA (OPLS-DA)
analysis® using the group as the teacher data and calculated the variable importance for prediction (VIP) score.®
Using Welch’s r-test and VIP scores, we identified lipidomes that differed between patients with MDD and HC. We
assigned library IDs based on PubChem®” and performed a pathway impact analysis of lipids using MetaboAnalyst. The
identified lipidomes were examined for their association with psychiatric symptoms in patients with MDD using
regression analysis. The adequacy of the regression analysis model was assessed based on the normality of the residual
histogram.

All data were expressed as median and interquartile range. A p-value < 0.05 was considered statistically significant
with a two-sided test. In the comprehensive lipidomics analysis, to control for multiple testing, we calculated the g-value
—a multiple testing correction value based on the Benjamin—Hechberg method—>* for the p-value. A g-value < 0.05 was
considered statistically significant. Finally, we defined metabolites that showed a significant difference between patients
with MDD and HC in the lipidomics analysis as those that satisfied the criteria of a gq-value < 0.05 and a VIP score of >
1.5.3° Similarly, in lipid enrichment analysis, we calculated p-values and q-values.

Results

Participants and Demographic Data

Table 1 shows the demographic and clinical characteristics of the MDD and HC groups. Those in the MDD group were
slightly older than those in the HC group (median: 47 vs 37 years), although the interquartile ranges overlapped. The
proportion of sex was similar across groups (male: 46.6% in MDD vs 53.3% in HC), while BMI was slightly higher in
the MDD group (24.2 vs 23.1 kg/m?). Educational background differed: 83.3% of HC participants had graduated from
university or graduate school, whereas only 33.3% of MDD participants had. By contrast, more MDD patients had only
completed high school or junior college. Smoking was more prevalent among MDD patients (26.6%) compared with HC

Table | Demographic and Clinical Data

HC (n=30) MDD (n=30)

Demographic data
Age, year 37 (35-51) 47 (36.2-53)
Sex, male 53.3% (16) 46.6% (14)
BMI, kg/m? 23.1 (21.5-24.4) | 24.2 (21.8-26.1)
Education

Junior high school 0% (0) 0% (0)

High school 3.33% (1) 33.3% (10)

Junior college 13.3% (4) 33.3% (10)

University/graduate School | 83.3% (25) 33.3% (10)

(Continued)
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Table | (Continued).

HC (n=30) MDD (n=30)
Smoking 6.6% (2) 26.6% (8)
Exercise habit 36.6% (I1) 23.3% (7)
Comorbid disease
Dyslipidemia 0% (0) 10% (3)
High blood pressure 0% (0) 23.3% (7)
Diabetes mellitus 0% (0) 13.3% (4)
Clinical data
Disease period, year 4 (1-8)
Times of episode, times 2 (1-2)
MADRS, points 24.5 (9-31.5)
Psychiatric medicine 93% (28)
Imipramine equivalent 150 (81.2-225)

Note: Data are expressed as median and interquartile range and percentages.
Abbreviations: BMI, body mass index; MDD, major depressive disorder; HC,
healthy control; MADRS, Montgomery—Asberg Depression Rating Scale; n, number.

(6.6%), and regular exercise habits were less common (23.3% vs 36.6%). Among MDD participants, the median disease
duration was 4 years, and the median number of depressive episodes was 2. The MADRS score median was 24.5,
indicating moderate depressive severity. Most patients with MDD (93%) were under pharmacological treatment, with
a median imipramine equivalent dose of 150 mg.

Lipidomics Analysis

From the 344 lipids identified by lipidomics analysis, we identified 30 lipids that differed between the MDD and HC
groups using Welch’s #-test, OPLS-DA analysis, and VIP score (q < 0.05, VIP score > 1.5). Among them, the levels of
seven types of lipids—AEA (22:4), AEA (20:4), AEA (18:2), AC (20:3), AC (20:4), AC (22:5), and AC (22:4)—were
higher in the MDD than in the HC group, while the remaining 23 were higher in the HC than in the MDD group (Table 2
and Figure 1).

Lipid Pathway Enrichment Analysis
PubChem IDs were assigned to 29 of the 30 lipids. Lipid pathway enrichment analysis identified LPC, LPE,
N-acylethanolamines, fatty acylcarnitines, and 1-alkyl-2-acylglycerophoshocholines as the characteristic pathways.
Table 3 and Figure 2 present the detailed results.

Relationship Between Psychiatric Symptoms

We analyzed the relationship between the 30 identified lipids and psychiatric symptoms (MADRS). Regression analysis
showed that LPC (20:3), PAF (20:5), and PAF (18:3) had moderately negative correlations with MADRS ( = —0.391,
p=0.032; B =-0.414, p = 0.023; and = —0.395, p = 0.030, respectively, B: standardized partial regression coefficient)
(Figure 3).
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Table 2 Lipidomics Analysis

(d18:1122:0)

Lipid name HC MDD p-value g-value VIP Score Regulation
(Compared with HC)
AEA (22:4) 0.000013 (9.40e-06-0.000015) 0.0000245 (0.000017-0.00003) < 0.001 < 0.001 223 Up
Sphingosine (d16:1) 0.000086 (0.000065-0.00013) 0.000044 (0.000036—0.000063) < 0.001 <0.001 251 Down
PAF (16:2) 0.15 (0.13-0.18) 0.11 (0.089-0.13) < 0.001 0.0027 241 Down
LPE (22:2) 0.000046 (0.00003 1-0.000078) 0.000029 (0.000024-0.000033) < 0.001 0.0029 233 Down
AC (20:3) 0.000035 (0.00003-0.000044) 0.000063 (0.000046—0.000076) < 0.001 0.0029 1.85 Up
LPC (15:0) 0.00555 (0.0046—0.0069) 0.0046 (0.0038-0.0053) < 0.001 0.0029 1.96 Down
LPC (18:2) 0.014 (0.012-0.017) 0.01 (0.0074-0.012) < 0.001 0.0029 223 Down
PAF (15:0) 0.0075 (0.0059-0.0082) 0.00535 (0.0037-0.0073) < 0.001 0.0041 225 Down
AC (20:4) 0.000039 (0.000035-0.000051) 0.0000675 (0.000047-0.00009) < 0.001 0.0043 1.74 Up
AC (22:5) 7.75e-06 (6.10e-06-9.70e-06) 0.0000125 (8.30e-06— 0.000018) < 0.001 0.0046 1.51 Up
PAF (18:3) 0.00665 (0.0049-0.008) 0.0049 (0.0033-0.0058) < 0.001 0.012 2.04 Down
PAF (20:5) 0.0022 (0.0017-0.0031) 0.0014 (0.0012-0.0019) < 0.001 0.014 225 Down
LPC (22:6) 0.027 (0.021-0.035) 0.017 (0.014-0.023) < 0.001 0.014 2.08 Down
LysoPAF (18:0) 0.014 (0.011-0.017) 0.01 (0.0077-0.014) < 0.001 0.014 2.09 Down
AEA (182) 0.000155 (0.00011-0.00018) 0.000205 (0.00017-0.00025) < 0.001 0.016 1.54 Up
AC (13:1) 0.0019 (0.0014-0.0033) 0.0010 (0.00082-0.0014) < 0.001 0.016 1.61 Down
GM3 (d18:1/14:0) 0.00077 (0.00059-0.0009) 0.00068 (0.00056-0.00076) 0.001 0.020 1.62 Down
PAF (20:4) 0.00048 (0.00034-0.00057) 0.000345 (0.00026-0.00042) 0.001 0.021 1.85 Down
LPC (20:3) 0.0775 (0.063-0.098) 0.06 (0.043-0.078) 0.001 0.021 1.85 Down
AC (22:4) 6.90e-06 (5.10e-06-8.10e-06) 1.00e-05 (7.40e-06— 0.000014) 0.001 0.021 1.57 Up
PAF (20:6) 0.012 (0.0088-0.014) 0.0083 (0.0061-0.01) 0.002 0.021 2.03 Down
PAF (18:2) 0.00135 (0.001-0.0016) 0.00094 (0.00079-0.0013) 0.003 0.032 1.99 Down
LPC (22:3) 0.00021 (0.00016-0.00025) 0.000145 (0.00011-0.0002) 0.003 0.032 201 Down
AEA (20:4) 0.000068 (0.000058-0.000082) 0.0000875 (0.000077-0.00012) 0.003 0.032 1.93 Up
GDI (d18:1/16:0) 0.0000285 0.0000235 (0.000019-0.000029) 0.003 0.033 1.82 Down
(0.000024-0.0000415)

LPE (20:0) 0.000036 (0.000028-0.000048) 0.000026 (0.000023-0.000034) 0.003 0.033 2.00 Down
LPE (20:2) 0.00015 (0.00011-0.00025) 0.00012 (0.00008-0.00015) 0.004 0.034 2.18 Down
LPC (17:0) 0.0075 (0.0061-0.0083) 0.00595 (0.0048-0.0075) 0.004 0.034 1.74 Down
LPE (19:0) 0.000021 (0.000014-0.000024) 0.000015 (0.000013-0.000018) 0.005 0.041 221 Down
Lactosylceramide 0.00045 (0.00021-0.00062) 0.000265 (0.00017-0.00042) 0.005 0.042 1.53 Down

Notes: From the 344 lipids identified by lipidomics analysis, we identified 30 lipids that differed between the MDD and HC groups. Among them, the levels of 7 types of
lipids—AEA (22:4), AEA (20:4), AEA (18:2), AC (20:3), AC (20:4), AC (22:5), and AC (22:4)—were higher in the MDD than in the HC group, while the remaining 23 were
higher in the HC than in the MDD group. Differences between groups were tested using univariate analysis with Welch’s t-test. The g-value, a correction value for multiple
testing based on the Benjamin—Hechberg method, was calculated for the p-value. The peak area of each metabolite was normalized to that of the internal standard and
sample volume to obtain the relative levels of each metabolite.

Abbreviations: AC, Acylcarnitine; AEA, acylethanolamine; GD, ganglioside; HC, healthy controls; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPE, lysopho-

sphatidylethanolamine; MDD, major depressive disorder; PAF, platelet-activating factor; VIP, variable importance for prediction.
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Figure 1 OPLS-DA analysis and VIP score. Figure | illustrates OPLS-DA analysis (A) and VIP score > 1.5 (B). Of the 30 lipid types identified, 7, including AEA (22:4), AEA
(20:4), AEA (18:2), AC (20:3), AC (20:4), AC (22:5), and AC (22:4), were higher in patients with MDD than in HC.

Abbreviations: AC, Acylcarnitine; AEA, acylethanolamine; HC, healthy control; MDD, major depressive disorder; OPLS-DA, orthogonal partial least-squares-DA; VIP,
variable importance for prediction.

Discussion and Conclusion
Summary of This Study

This study used a lipidomics approach to analyze the serum lipidome of real-world Japanese patients with MDD as well

as an HC group. We found that many serum lipids were decreased in patients with MDD. In addition, enrichment analysis

revealed that lipid classes such as LPC, LPE, AEA, fatty acylcarnitines, and 1-alkyl-2-acylglycerophosphocholines were

Table 3 Lipid Pathway Enrichment Analysis

Metabolite Set Total | Hits | Expected | p-value | g-value
LPC 79 4 0.00797 <0.001 | <o0.00l
LPE 67 3 0.00676 <0.001 | <o0.00l
N-acyl ethanolamines 75 3 0.00756 <0.001 | <0.001
Fatty acylcarnitines 91 3 0.00918 <0.001 | <0.001
I -alkyl-2-acylglyerophosphoshocholies 115 2 0.0l16 <0.001 | 0.0092
O-LPC 17 | 0.00171 0.0017 0.21
Monoacylglycerophopho ethanolamines | 47 | 0.00474 0.0047 0.49
Sphingoid base analogs 73 | 0.00736 0.00734 | 0.67
Chol. esters 86 | 0.00867 0.00864 | 0.70
Glycosphingolipids 452 | 0.0456 0.0046 1.0

Note: Lipid pathway enrichment analysis identified LPC, LPE, N-acylethanolamines, fatty acylcarnitines, and
I-alkyl-2-acylglycerophoshocholines as the characteristic pathways. In particular, LPC and LPE demonstrated
the highest enrichment among altered lipid classes. The g-value, a correction value for multiple testing based on
the Benjamin—Hechberg method, was calculated for the p-value.

Abbreviations: LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine.

Neuropsychiatric Disease and Treatment 2025:21 https:

1723



Okamoto et al

Overview of Enriched Metabolites Sets
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Figure 2 Overview of lipid pathway enriched metabolites set. Following pathway enrichment analysis, we identify LPC, LPE, N-acylethanolamines, fatty acylcarnitines, and
| -alkyl-2-acylglycerophoshocholines as high enrichment ratios.
Abbreviations: LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine.
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Figure 3 Relation between detected lipidome and depressive symptoms. Figure 3 shows the relationship between the detected lipids and MADRS. Univariate analysis
revealed that LPC (20:3), PAF (20:5), and PAF (18:3) exhibited moderately negative correlations with MADRAS (8 = —-0.391, p = 0.032; = —0.414, p = 0.023; and § = —0.395,
p = 0.030, respectively).

Abbreviations: LPC, lysophosphatidylcholine; MADRS, Montgomery-Asberg Depression Rating Scale (points); PAF, platelet-activating factor.

significantly altered in the MDD group. Furthermore, regression analysis identified LPC (20:3), platelet-activating factor
(PAF) (20:5), and PAF (18:3) as negatively correlated with MADRS scores, suggesting potential links between specific
lipid species and symptom severity (Figure 4).

Background and Racial/Ethnic Lipidome Differences
Although MDD is a highly heterogeneous condition,” the involvement of lipids in its underlying common pathophy-
siology has attracted increasing attention in recent years.” Lipidomics analysis enables the comprehensive analysis of
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Lipidomic Profiling in Japanese Patients with Major Depressive Disorder (MDD)
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Figure 4 Graphical abstract summarizing this study’s key findings. This illustration provides an overview of the study design, major results, and key interpretations.

lipid profiles and has shown promise for identifying lipid classes associated with MDD.’ However, despite growing
evidence that lipidomic profiles can vary across ethnic groups due to differences in diet, environmental, and genetic

2740 these differences have not been sufficiently investigated in MDD. Our findings must be interpreted in light of

factors,
the distinct metabolic, lifestyle, and genetic characteristics of the Japanese population. Chronic low-grade inflammation
—an established feature of MDD—"! is modulated by both genetic predisposition and environmental exposure.** Japan’s
dietary patterns—marked by high fish consumption and consequently elevated intake of long-chain omega-3 fatty acids
—are known to influence systemic and neuronal lipid metabolism.'>"'> These nutritional habits may confer anti-
inflammatory and neuroprotective effects and may alter the baseline lipidome, especially when compared with
Western populations where red meat consumption is typically higher.**** Additionally, Japan’s low prevalence of obesity
and metabolic syndrome may shape lipid-related disease phenotypes in MDD differently.”” Moreover, the proportion of
individuals carrying the s/s genotype of the serotonin transporter gene polymorphism is relatively high, which is
associated with greater sensitivity to stress.’’**> Thus, in Japanese individuals, the combination of low systemic
inflammation, high intake of anti-inflammatory nutrients, and potential genetic resilience may result in a MDD subtype
with relatively distinct lipidomic alterations.

Lipids Elevated in MDD: AEA and AC

In this study, among the few lipids that were increased in the MDD group, all belonged to the AEA and AC classes.
AEAs are endocannabinoids involved in modulating neurotransmission and synaptic plasticity. Retrograde synaptic
inhibition by endocannabinoids specifically impairs neuroplasticity.**° While our findings are consistent with the
hypothesis of altered neural plasticity in MDD,’>*" the literature remains inconclusive. Some studies report reduced
AEA levels in MDD, while others suggest region- or strain-specific increases or decreases in animal models.'®**>® These
discrepancies may reflect compensatory mechanisms, methodological differences, or heterogeneity within depressive
phenotypes. AC, meanwhile, plays roles in mitochondrial function and fatty acid metabolism. Increased levels of
medium- and long-chain AC in MDD could indicate impaired B-oxidation and mitochondrial dysfunction, aligning
with evidence for an increase in metabolic abnormalities in MDD.>*>® However, given that antidepressant use may

57-59

elevate AC levels, the interpretation of these results must consider medication status as a potential confounder.
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Lipid Class Insights: LPC and LPE Enrichment

Enrichment analysis is crucial in omics research for discerning whether observed changes reflect biologically meaningful
alterations rather than random variations. In this study, in particular, LPC and LPE demonstrated the highest enrichment
among altered lipid classes; such changes are consistent with previous findings.” LPCs are derived from phosphatidylcho-
line via phospholipase A2 activity, while LPEs originate from phosphatidylethanolamine. Both are involved in membrane
remodeling and cellular signaling.'*%%°! Chronic stress leads to hyperactivity of the hypothalamic—pituitary—adrenal
axis, resulting in elevated glucocorticoid levels. LPC and LPE induce membrane curvature and destabilization, which
further accelerate the influx of glucocorticoids into cells.” These elevated glucocorticoid levels, and the associated
dysregulation of glucose and lipid metabolism, may contribute to the metabolic disturbances often observed in MDD.%?
Although LPCs also have been implicated as pro-inflammatory mediators and are often found elevated in MDD,” recent
reports also indicate anti-inflammatory functions under specific conditions.'"*® Reduced LPC levels have been reported
in schizophrenia and Alzheimer’s disease, and a negative correlation between LPC and melancholic depression severity
has been documented.''**"®> These bidirectional findings highlight the complex and context-dependent role of LPCs,
suggesting that dysregulation—rather than a simple increase or decrease—may be more relevant to MDD
pathophysiology.

Correlation with Depressive Symptoms: LPC and PAF

In addition to LPC, this study identified PAF (20:5 and 18:3) as inversely correlated with MADRS scores. This surprising
negative correlation result was contrary to expectation. PAF is a potent phospholipid mediator involved in inflammation
and vascular function and has been proposed as a mechanistic link between MDD and cardiovascular disease.®®¢’
Considering the chronic low-grade inflammation associated with MDD, PAF’s pro-inflammatory role would typically
indicate a positive association with depression severity. One possible explanation for this contradictory result is that PAF
also exerts neuroprotective functions, including the enhancement of synaptic transmission, memory, and long-term
potentiation.®®’® Its dual role—as both a pro-inflammatory agent and a regulator of synaptic plasticity—may help
reconcile these findings. A decrease in PAF could thus impair synaptic efficiency and contribute to cognitive and
affective symptoms in MDD. These observations warrant further investigation into the pleiotropic effects of lipid

mediators in psychiatric disorders.

Limitations and Future Research

Several limitations must be acknowledged. First, the small sample size limits both generalizability and statistical power.
Although false discovery rates were controlled using the Benjamini—-Hochberg method, the possibility of type I error
remains. Second, this study recruited patients with MDD who were undergoing real-world clinical treatment; thus,
medication use, disease duration, and dietary habits were not fully controlled and may have influenced lipid profiles.
These facts also limit the generalization of our results. Third, the cross-sectional design precluded causal inference and
limited the ability to track temporal changes in lipid levels. Lastly, current lipidomics platforms capture only a subset of the
lipidome (334 lipids in this study), and the potential involvement of unmeasured or unknown lipids cannot be ruled out.

Conclusion

This real-world exploratory lipidomics study of Japanese patients with MDD identified several alterations and associa-
tions with psychiatric symptoms in serum lipid classes—particularly LPC, LPE, AEA, AC, and PAF—compared with
HC. The marked enrichment changes observed in LPC and LPE—Iipid species involved in membrane remodeling and
cellular signal transduction—align with previous findings. However, the negative correlations observed with psychiatric
symptom severity diverge from previously held assumptions. These results highlight the critical importance of interpret-
ing lipidomic data within the specific contexts of population characteristics, methodological approaches, and clinical
backgrounds. Although the results of this study need to take potential confounding factors into consideration, our results
suggest meaningful lipidome alterations in MDD and can provide a foundation for future longitudinal and mechanistic
investigations.
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