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Functional and structural studies of the brain highlight the importance of white matter alterations in

schizophrenia. However, molecular studies of the alterations associated with the disease remain insufficient.

To study the lipidome and transcriptome composition of the corpus callosum in schizophrenia, including analyzing
a larger number of biochemical lipid compounds and their spatial distribution in brain sections, and corpus callosum
transcriptome data. To integrate the results of molecular approaches to create a comprehensive molecular perspective
of the disease.

A total of 8 brain tissue samples (4 from healthy controls (HC) + 4 from schizophrenia patients (SZ)) were
analyzed using high-performance liquid chromatography with mass spectrometry (HPLC-MS) and RNA sequencing for
transcriptome profiling. Additionally, 6 brain tissue samples (3 HC + 3 5Z) were analyzed using matrix-assisted laser
desorption/ionization mass spectrometric imaging (MALDI-MSI). This approach enabled the characterization of mRNA
and lipids in brain tissue samples, and the spatial distribution of selected lipids within brain sections.

The analysis revealed a general trend of reduced lipid levels in the corpus callosum of schizophrenia patients
for lipid classes measured by mass spectrometric methods. Specifically, nine lipid classes detected via HPLC-MS showed
significant differences in schizophrenia samples, with seven of them having lower median intensity. The results between



HPLC-MS and MALDI-MSI were highly concordant. Transcriptome analysis identified 1,202 differentially expressed genes,
clustered into four functional modules, one of which was associated with lipid metabolism.

CONCLUSION: We identified a series of lipidome and transcriptome alterations in the corpus callosum of schizophrenia
patients that were internally consistent and aligned well with previous findings on white matter lipidome changes in
schizophrenia. These results add to the existing scope of molecular alterations associated with schizophrenia, shedding
light on the biological processes potentially involved in its pathogenesis.

AHHOTALUMA

BEEAEHME: ®yHKUMOHANBHbBIE 1 CTRPYKTYPHbIE NCCIeL0BaHNS MO3ra CBUAETENbCTBYIOT O BaXXHON ponn N3MeHeHUA
6enoro sellectBa Npu WnsodpeHnn. OAHaKo Uccief0BaHNIA MONEKYNSIPHBIX U3MEHEHWIA B beNoM BelLllecTse, CBS3aHHbIX
c 3aboneBaHNeM, HeJ0CTaTOUHO.

LLE/Tb: M3yunTb AMNWAOMHbIA 1 TPaHCKPUMTOMHBIA COCTaBbl MO30/IMCTOrO Te/la FOI0BHOMO MO3ra Npu Win3odpeHnm
1 B HOPMe, BK/IF0Uast aHa M3 60bLLIErO YMCIa BUOXMMUYECKUX KNaCCOB NMUMUAHBIX COEANHEHWIA M1 MX MPOCTPaHCTBEHHOO
pacrnpefeneHusi B cpesax Mo3ra, C MOMOLLbIO AaHHbIX TpaHckpunToma. O6beAMHWUTL pesynbTaTbl Pa3sAnNUHbIX
MONeKyNSPHbIX NOAXOA0B ANS CO3/aHNs KOMMNEKCHOW MONEKYNSIPHON KapTUHbI 3a601eBaHus.

METO/bI: Wcenegosany 8 06pasLioB MO3roBoR TkaHW: 4 oT 340poBoiA KOHTpoabHOW rpynnbl (KN + 4 oT 601bHbIX
winsodpermeii (L) c ucnonbsosaHvem BbIcok0o3¢PeKTHBHOIN XNAKOCTHOR XpomaTorpadum ¢ Macc-criekTpomeTpueid (BIOXKX-
MC) v cekBeHMpoBaHWs TpaHckpunToma. JJononHutensHo 6 06pasLos Mo3rosoi TkaHw (3 KI + 3 L) npoaHanusmposanu
C NOMOLLbIO MaCC-CNEKTPOMETPUYECKO BU3Yanu3aLmmM ¢ UCNONb30BaHUEM MaTPUUHO-aKTMBUPOBaHHOWN Na3epHo
Aecopbuum/monusaumm (MA/1KM-MC). 3To N03BONNNO BLISBUTL OTHOCUTENbHOE KonnuyecTBo MPHK 1 nnningos B obpasuax
MO3roBOI TKaHW, a Takke onpeAenuTb NPOCTPaHCTBEHHOE pacnpe/eieHne HeKOTOPbIX IMNUAOB B Cpe3ax Mo3ra.

PESVJIBTATDI: NccneposaHine Ha OCHOBaHWN ;@HHbBIX MacC-CrekTPOMETPUYECKMX METOZIOB BbISIBMIO OBLLYIO TEHAEHLIMIO
K OTHOCUTE/IbHO BoMiee HN3KOMY KONMYECTBY IMMMAOB B MO30/IMCTOM Tene npw LmsodppeHun. MismepeHue konnyectsa
ANNWZOB B 06pa3LIax MO3rOBOM TKaHW NaUMeHToB ¢ W3odpeHyeld ¢ nomoLLibto BIXX-MC nokasano pasnnumns B ypoBHsX
anugos Beex 9 knaccos. Kpome Toro, 7 U3 HUX MMeNV OTHOCUMTENbHO Bonee HU3KYI0 MeAMaHHy MHTEHCUBHOCTb.
Pesynbtatel metogos B3XX-MC n MA/IAV-MC npogeMoHCTpUpoBann BbICOKYIO CTeMNeHb COOTBETCTBUA. AHann3
TpaHckpunToMa onpegennn 1202 anddepeHumanbHo akcnpeccpyembix reHa. OHKW coctasnaioT 4 GyHKLMOHANbHBIX
MOAYNS, OAWNH U3 KOTOPbIX CBSA3aH ¢ METaboNM3MOM AMNUAOB.

SAKJTHOYEHWE: Mbl 06Hapy>Xwav B MO30/IMCTOM Te/e ro/I0OBHOMO MO3Ta NMauneHToB C LUM3odpeHvei paj nsMeHeHni
AVNUAOMa U TPaHCKPUMTOMA, KOTOpble BHYTPEeHHE KOHCUCTEHTHbI, @ Takoke XOPOLLO COMacytoTcst C NpeAblayLLInMm
BbIBOAAMM O IMNKUAOMe 6eoro BellecTsa Npy LIM30PppeHn 1 JONoNHAIOT ux. MonyuyeHHbIe B UCCNe0BaHUN AaHHbIE
yKa3blBalOT Ha BLON0rMYecKne NPOoLLeCChl, KOTOPbIE MOMYT NpeTeprneBaTe 3MeHeHWsi BO BPeMs pa3sBUTHS NaTonornm,
1 PacLLMPSIFOT 3HaHWS O CYLLIECTBYOLLIEM CMeKTpe MONEKYNSPHBIX U3MEHEHWIA, CBA3aHHbIX C LWN30dpeHnei.

INTRODUCTION and cognitive impairment. Despite extensive research,
Schizophrenia is a multifactorial, distributed, and prevalent  the causes and molecular basis of schizophrenia remain
mental disorder that affects millions of people worldwide.  poorly substantiated. Nonetheless, emerging evidence
It is characterized by a range of symptoms, including  suggests that alterations in the lipid metabolism at the
delusions, hallucinations, incoherent speech and behavior, molecular level might be associated with the disorder [1,2].
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In addition, differences in the transcriptomic profile between
a schizophrenia and healthy brain appear to be characteristic
of this disease [3] and reflect system-level alterations in
the molecular composition of the brain in a pathological
state [4, 5].

Lipidome is a complete set of lipids present in a particular
cell or tissue. Lipids are essential components of cell
membranes and play a critical role in a wide range of
physiological processes, including energy storage, signal
transduction, and membrane traffick [6]. Recent studies
have revealed that alterations occur in several classes
of the lipids of the corpus callosum lipidome of a brain
suffering from schizophrenia, including phospholipids
and sphingolipids [7, 8]. What is more, it is known that
abnormalities in the corpus callosum (smaller size, shape
variation, and loss of connectivity) are common in people
with schizophrenia [4, 5].

While the mechanisms underlying these alterations in
lipid metabolism are not yet fully understood, several
hypotheses have been proposed [9-11]. One hypothesis
suggests that alterations in lipid metabolism may disrupt
the integrity of cell membranes, leading to neuronal
dysfunction and cognitive impairment [12]. Another
hypothesis holds that with schizophrenia, the signaling
pathways involved in neurotransmission might be disrupted,
leading to abnormal neural activity and the development
of schizophrenia [13]. Understanding the alterations in
the lipidome that are associated with schizophrenia may
provide new insights into the mechanisms underlying
this disorder. This may also lead to the development
of new diagnostic tools. For example, blood lipidome
profiling can be used to identify biomarkers for the early
detection and diagnosis of schizophrenia [14]. A widely
used method in lipidome studies is high-performance
liquid chromatography with mass spectrometry (HPLC-MS).
This method allows one to identify a large number of
compounds within a single analysis. But during sample
preparation, the tissue is homogenized, which results in
the loss of unique spatial information. The possibilities
afforded by matrix-assisted laser desorption/ionization
mass spectrometric imaging (MALDI-MSI) allow one to
try to solve this problem. Thus, the HPLC-MS method,
paired with MALDI imaging, provides information with

reliable signal annotations and a high spatial resolution,
making it possible to create a comprehensive picture of
the structure of the brain lipidome.

Previous studies investigating the differences in brain
transcriptome composition and the expression levels of
selected gene groups observed previously in schizophrenia
primarily focused on the cortical regions [3, 15, 16], while
white matter tracts remain underexplored. Moreover, the
number of studies that have simultaneously analyzed the
lipidome and transcriptome on the same tissue samplesin
the context of schizophrenia white matter is very limited
[7], with none incorporating spatial information. Taken
together, this represents a gap in knowledge as regards the
comprehensive study of the white matter lipidome of the
brain, particularly with regard to a multi-omics approach.

In this paper, we aimed to study the composition of
a schizophrenia-associated corpus callosum lipidome and
transcriptome, as well as conduct an analysis of a larger
number of biochemical classes of lipid compounds, a spatial
analysis of the distribution of these compounds in brain
sections supported by an analysis of corpus callosum
transcriptome data, and, finally, to integrate the results
yielded through different molecular approaches to the
analysis in order to create a comprehensive molecular
picture of the disease.

METHODS
Tissue samples
Samples were prepared from 14 frozen slices of the human
corpus callosum: seven from healthy controls (HC) and
seven from schizophrenia patients (SZ). Four samples
(HC: two males aged 34 and 62, two females aged 34
and 61; SZ: two males aged 36 and 74, two females aged
57 and 62) from each group were used for the HPLC-MS
measurements and RNAseq, and three samples (HC: two
males aged 58 and 60, female aged 60; SZ: two males aged
69 and 57, female aged 62) from each group were used
for the MALDI-MSI experiment. The demographic data of
postmortem brain tissue donors and the ribonucleic acid
(RNA) integrity number (RIN)' of the samples are presented
in Table S1in the Supplementary.

The postmortem human brain samples were provided by
the biobank of the Contract Research Organization (CRO)
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National BioService (Saint Petersburg, Russia). No subject
in the HC had a history of psychiatric or neurodegenerative
disease and no gross anatomical abnormalities were
revealed during the pathoanatomical assessment. Brain
donors were diagnosed with schizophrenia based on
ICD-10 by psychiatrists during inpatient treatment at
Mental-health clinic No. 1 named after N.A. Alexeev (Moscow,
Russia). Each subject had suffered sudden death with no
prolonged agony state. All the post-mortem brain samples
were sectioned, placed on aluminum blocks, and frozen on
dryice. All sample transport was conducted on dry ice; and
long-term storage, in —80 °C freezers. There was no sample
thawing or heating at any point. For mass spectrometric
imaging, 300 mg samples were cut using sterile and chilled
scalpels, forceps, and tubes. These samples were promptly
frozen and stored in a low-temperature freezer at =80 °C
until further analysis.

Tissue preparation

Brain samples were sectioned according to The Atlas of
the Human Brain [17] by a neuroanatomist using the Leica
CM1950 microtome cryostat (Leica Biosystems, China).
Cutting was performed at a chamber temperature of =18 °C
and sample temperature of —15 °C. The thickness of the
sections was set at 20 pm. The sections were placed on
an ITO (indium tin oxide) coated glass slide without any
adhesive medium (Hudson Surface Technology, Bruker
Glass Slides for MALDI imaging [pn 237001], Republic
of Korea) and attached to the glass by thaw-mounting.
The sections were next placed in a desiccator for 90 min.
Air was removed from the chamber using a MEMVAK 2x1
membrane pump to a 30 mbar pressure level at room
temperature. A solution of a-cyano-4-hydroxycinnamic acid
(Sigma-Aldrich, USA) with a concentration of 5 mg/mLin a
50/50 water/acetonitrile mixture with 0.1% trifluoroacetic
acid (TFA, Sigma-Aldrich, USA) was diluted twice. The diluted
solution was sprayed using an lwata Micron CM-B2 airbrush
(Anest Iwata, Japan) for 2 sec and allowed to dry for 2.5 min.
This process was repeated 20 times.

RNA library and assessing sequencing data

RNA data acquisition, equipment, reagents and processing
were done as described in [18]. Briefly, the libraries for
sequencing were prepared following an RNA selection
protocol utilizing polyadenylation (poly-A selection) and
sequenced using the lllumina Hiseq 4000 platform. The raw
data were filtered to discard low-quality reads and adapter

sequences, then mapped and aligned to human reference
genome GRCh38. Data provided in transcripts per million
(TPM) was further log-transformed and normalized.

Modules combining functionally similar transcripts were
identified using algorithms based on the HumanBase
networks [19], which predict gene interactions based on large
data sets specific to different types of tissue and regions
of the brain covered by more than 14,000 publications.
The list of differentially expressed genes in schizophrenia
obtained in this work was assessed for the reliability of
its correspondence to each of the 144 functions listed in
the database. Corpus callosum was taken as a reference
tissue for the functional analysis. Functional modules
were determined by the software based on a community
detection algorithm from a provided list of genes and the
selected relevant tissue (brain). Genes within a cluster
share local network neighborhoods and together form
a cohesive, specific functional module.

Lipid extraction

Before lipid extraction, tissue pieces (10-15 mg) were
transferred to pre-chilled reinforced 2 ml Precellys tubes
(Bertin Technologies). The extraction buffer (MeOH:MTBE,
1:3, v/v) was spiked with the following lipid standards to
reach a concentration of 0.5 pg/ml: TAG (15:0/18:1-d7/15:0,
Avanti Lipids, 791648C), DAG (15:0/18:1-d7, Avanti Lipids,
791647C), Cer (d18:1-d7/15:0, Avanti Lipids, 860681), LPC
(18:1-d7, Avanti Lipids, 791643C), PG (15:0/18:1-d7, Avanti
Lipids, 791615C), PC (15:0/18:1-d7, Avanti Lipids, 791637C),
PE (15:0/18:1-d7, Avanti Lipids, 791638C). The buffer was
prepared once, stored at —20 °C, and was used for all the
samples in the batch. Prior to preparation, samples were
randomly mixed. “Blank” samples, representing empty
tubes without brain tissue, were also processed after
biological samples. For lipid extraction, 1 ml of buffer was
added to each tube, followed by the homogenization of
tissue pieces using the Precellys Evolution homogenizer
(Bertin Technologies). Then the samples were shaken
on an orbital shaker (30 min, 4 °C) and processed in an
ultrasonic bath (10 min, 0 °C). The suspension was then
transferred to a new tube (2 ml), and 700 pl of a H20:MeOH
mixture (3:1, v/v) was added. The resulting mixture was
shaken on an orbital shaker (5 min, 4 °C) and centrifuged
(11,500 g, 10 min, 4 °C). After centrifugation, 540 pl of the
upper phase containing hydrophobic compounds (lipids)
was collected, transferred to a 1.5 ml new tube, and the
organic solvent was removed using a rotary evaporator
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(Thermo Scientific SpeedVac) in ambient temperature.
The obtained dry lipid samples were stored at -80 °C.

HPLC-MS analysis

To reconstitute the dry lipid fraction, 200 pl of a pre-cooled
(0 °C) mixture of acetonitrile:zisopropanol (7:3, v/v) was
added to each sample. The samples were shaken on an
orbital shaker (10 min, 4 °C), followed by incubation in an
ultrasonic bath (10 min, 0 °C), and centrifugation (11,500 g,
10 min, 4 °C). For the preparation of quality control (QC)
samples, 5 pl of each sample was pooled. Prior to mass
spectrometric analysis, 25 pl of each sample was transferred
into 200 plvials and diluted with an acetonitrile:isopropanol
mixture (7:3, v/v) at a ratio of 1:15 for positive polarity and
with no dilution for negative polarity measurements. QC
samples were introduced at the beginning of the mass
spectrometric analysis to condition the column and then
after every 12th sample in the series.

The analysis was conducted on a Bruker Impact Il
Quadrupole Time-of-Flight (QTOF) mass spectrometer
(Bruker Daltonics, Bremen, Germany), coupled with the
Waters Acquity HPLC chromatographic system (Waters,
Manchester, UK) using a method adapted from [20].
Chromatographic separation was performed using a
reversed-phase ACQUITY HPLC BEH C8 column (2.1x100 mm,
1.7 pm, Waters Co., Milford, Massachusetts, USA) with
aVanguard pre-column of the same sorbent. The column
temperature was maintained at 60 °C. The injection volume
was 3 pl. Mobile phase A consisted of 10 mM ammonium
acetate in water with 0.1% formic acid, and mobile phase
B consisted of 10 mM ammonium acetate in a mixture of
acetonitrilezisopropanol (7:3, v/v) with 0.1% formic acid.
The flow rate was set to 0.4 ml/min in the following gradient
of elution: Tmin — 55% B; 3 min — linear gradient from 55%
to 80% B; 8 min — linear gradient from 80% B to 85% B;
3 min — linear gradient from 85% B to 100% B. The phase
composition was held at 100% B for 4.5 min, after which
the column was re-conditioned at 55% B for 4.5 min. Mass
spectrometry detection was performed in full scan mode
for positive and negative ions separately within the 50-
1,200 m/z range. Source settings in positive polarity were
as follows: capillary voltage 4,000 V, nebulizer 2 bar, dry
gas 6.0 1/min, and dry temperature 180 °C. MS settings for
negative polarity were as follows: capillary voltage 4,000 V,
nebulizer 2 bar, dry gas 6.0 I/min, and dry temperature
200 °C. The calibration solution of ammonium formate
was infused every injection run.

To assess the lipid molecular structure, we conducted
a fragmentation of the pre-selected m/z values. While
keeping the chromatographic separation conditions,
mass spectra were acquired using a hybrid Q Exactive
instrument in the data-dependent (DDA) mode, separately
recording spectra in the positive and negative modes.
In each mode, the resulting spectra were generated
by averaging three fragmentation spectra at different
collision energies. A Q Exactive mass spectrometer
equipped with a heated electrospray ionization source
from Thermo Fisher Scientific (USA) had the following
tune parameters: capillary temperature: 320 °C; aux
gas heater temperature: 350 °C; capillary voltage: 4.5 kV
(=3.5 kV); S-lens RF level: 60; sheath gas flow rate (N2):
45 arbitrary units (a.u.); auxiliary gas flow rate (N2):
20 a.u., sweep gas flow rate (N2): 4 a.u. The operational
parameters of the mass spectrometer for the full scan
mode were configured as follows: resolution: 70,000 at m/z
200; automatic gain control (AGC target): 5e5; maximum
injection time (IT): 50 ms; scan range: 200 to 2,000 Da.
For DDA mode: resolution 17,500 at m/z 200; AGC: 2e4;
IT: 100 ms; mass isolation window: 1.2 Da; retention time
window width: expected time + 1 min; stepped normalized
collision energy: 15%, 25%, 30%; dynamic exclusion: 12 sec;
inclusion: on; customize tolerances: 10 ppm. The spectra
were recorded in profile mode.

HPLC-MS data processing

Following the acquisition process, the Bruker raw data
files (.d files) underwent automatic internal and lock mass
calibration before being transformed into the mzXML
format using a customized DataAnalysis script from Bruker
(Version 4.3). The mzXML files were then imported into the
XCMS software using the xcms package within R version
3.8.2. Mass spectrometric peaks falsely duplicated during
the XCMS peak merging procedure were identified using
a 10 ppm mass threshold within one second retention
time difference. Peaks detected during the first minute
of the run (retention time <1 min) and after retention
time = 18.3 min were excluded from further analysis.
The ffillpeaks’ procedure implemented in the xcms package
was used for missing value imputation. The lipid intensity
values missing after the ‘fillpeaks’ procedure were filled
by random sampling from a normal distribution with the
mean equaling the median of minimal intensity values of
detected lipid peaks and the standard deviation equaling
the 16th percentile of this distribution.
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The .raw files were converted to the .abf format using
the ABF-converter. Thereafter, the files were processed
using the MS-DIAL software (version 4.90) separately for the
positive and negative modes. The processing parameters
were set as follows: the maximum allowable range for
MS1 — 0.05; minimum peak height — 10,000; and mass
window width — 0.05. Other parameters were kept at
default values and remained unchanged. An internal lipid
database was employed for lipid annotation, encompassing
34 lipid classes based on previous brain studies (PC, PC-O,
PE, PE-O, PE-P, PS, PA, PG, BMP, PI, LPC, LPE, LPC-O, LPE-O,
LPS, LPA, LPG, AHexCer, Cer, HexCer, SHexCer, SM, ST, CE,
TAG, DAG, MAG, MGDG, DGDG, MGDG-0, DGDG-O, FFA,
CAR, NAE). The obtained databases of lipid compound
areas were exported and processed in the R environment.
Polarities were merged, and lipid duplicates between the
two polarities were filtered based on retention time overlap
and exact mass. Annotations obtained with the Q Exactive
instrument were aligned with peaks in a QTOF analysis
based on the retention time and m/z ratio.

To ensure a high quality of the annotated peaks, account
for the extraction chemical noise and technical variability,
filtering procedures were applied on the resulting target
list. Firstly, a blank samples filter was applied: only those
features with a mean intensity at least twice greater than
in the blanks were selected for further analysis. Secondly,
a variance filter was applied: the coefficient of variation
was calculated across QC samples for each peak, and only
those peaks with a median coefficient of variation (CV)
below 0.25 were selected.

After that, all lipid intensities were log10-transformed
and normalized on the median value of standards within
a sample and wet weight of the sample. For normalization
purposes, wet weights and standard intensities were log10-
transformed, then the difference of sample values from
the mean of a parameter was subtracted. Resulting lipid
intensity values were further normalized using the mean
intensity of the lipid calculated within each individual's
brain to adjust for inter-individual variability.

MALDI experiment

MALDI-MSI data acquisition, equipment, reagents, peak
annotation, and processing were done as described in [21].
Briefly, MALDI images were obtained using a modified
Thermo Scientific Q Exactive Orbitrap mass spectrometer
equipped with a 355 nm Nd:YAG laser. Imaging involved
controlling the tissue region and raster step size with the

Spectroglyph software and collecting spectra at 40-pm
intervals in both dimensions. lon images were generated
from raw and coordinate files using the Image Insight
software. The raw mass spectra were converted to the
.ibd and .imzML formats with a zero background noise
threshold, and further processing was conducted using
Cardinal 2.8.0, an R package for mass spectrometry imaging
data analysis. For image analysis, duplicate coordinates
were removed and peak intensities were normalized by
total ion current. Peak picking was performed using a signal-
to-noise ratio threshold of three. Spectra were aligned to
the average spectrum, and the peaks that were present
in less than 7% of the spectra were excluded.

Peaks from the glass slide surface and uninformative
spectrum parts were removed. The sample area was
divided using a spatial k-means algorithm to distinguish
between tissue and sample-free areas. Clusters were
manually curated, and only peaks with 1.5 times greater
mean intensities in the tissue cluster were retained.
Finally, all the spectra were aligned to the one with the
most detected peaks.

The peaks were annotated as lipid species based on their
mass-to-charge ratio, with the mass difference threshold
between the data and target values set to 20 ppm. For
cases of multiple matches, the rules described in [21]
were applied.

Statistical analysis

Lipid intensities were log10-transformed, and the average
across all individuals in a group was used for further
analysis. Next, differences between the peak averages
of the two groups were calculated and the one-sample
Student t-test was applied to test whether the resulting
distribution of mean peak intensities differed significantly
from zero. The Benjamini-Hochberg correction for multiple
hypothesis testing was used. Data analysis and visualization
were performed using R packages (Ggplot2, MixOmics,
and other standard R packages).

To compare our dataset with previously published data
on lipidomic alterations in the SZ-affected corpus callosum
[7], log2 transformation was applied to downloaded original
fold changes in lipid intensities. Lipid compounds were
matched manually based on annotation (HPLC-MS data) or
exact mass (MALDI) with respect to the common adducts.
To compare with MALDI data, all detected m/z values were
rounded to two decimal and only lipids that exactly matched
by mass were used in the analysis. To compare HPLC-MS
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data, mean fold changes were calculated for each class.
Only lipid classes containing more than three lipids were
used in the analysis. Pearson’s correlation coefficient was
then calculated based on the log2 fold changes of lipid
compounds matched between datasets.

Differences in the distribution of lipids across the
corpus callosum sections were assessed via the coefficient
of variance (CoV). The coefficient for the control and
schizophrenia groups was calculated for the masses
annotated by HPLC-MS as the ratio of the standard deviation
to the mean for each mass. The difference in the CoV for the
two groups was tested using the Wilcoxon signed-rank test.

Ethical approval

The data for the brain samples obtained from National
BioService contained no personal information or any
other information that could allow donors identification.
Informed consent for the use of the biomaterial for research
purposes were secured from the individuals or from the
next-of-kin at the respective clinical organizations that
provided the samples to National BioService in accordance
with international regulations?.

RESULTS

We examined the alterations in the white matter lipidome
composition between SZ and HC individuals using HPLC-
MS, as well as MALDI-MSI (Table S1in the Supplementary).

The application of each technique resulted in the
detection of 384 and 165 lipid features for HPLC-MS and
MALDI, respectively (Figure 1; Tables S2 and S3 in the
Supplementary). Additionally, we measured changes in
the RNA expression in the brain region associated with
schizophrenia, which resulted in the evaluation of 14,254
genes expressed in the corpus callosum (Figure 1).

For each of the 20 lipid classes detected with HPLC-MS,
we calculated mean intensities for the SZ and HC groups
and conducted the one-sample Student t-test of the
differences between groups vs zero to evaluate the
class-level differences characteristic of schizophrenia
(Figure 2A). For two lipid classes, such as diacylglycerols
(DG) and free fatty acids (FA), significant upregulation
was detected in schizophrenia samples. In contrast, the
majority of lipid classes (seven classes) demonstrated
significantly lower levels in SZ samples compared to
the HC. Among them are phosphatidylcholines (PC) and

' Y

LC-MS
4HC+45Z
384 peaks

MALDI
3HC+357
165 peaks

RNAseq
4HC+457
14,254 genes

AN J

Figure 1. Experiment design.

phosphatidylethanolamines (PE) — the major components
of cell membranes; three classes previously shown to be
components of the myelin sheath — sphingomyelins (SM),
hexosylceramides (HexCer), and sulfohexosylceramides
(SulfoHexCer); triacylglycerides (TG) used as lipid storage
substrate; and phosphatidylglycerols (PG), which are
synthesized in mitochondria (Figure 2A). The demonstrated
differences in the level of lipid classes are in good agreement
with previously reported lipidome alterations data in
a corpus callosum associated with schizophrenia [7], with
Pearson's R=0.74 (p=0.0142), calculated based on the same
10 lipid classes measured in two works (Figure 2B).
MALDI imaging yielded similar results with a statistically
significant lower average peak intensity evaluated via one-
sample Student t-test for the distribution of the differences
between peaks averages between the two groups for all
peaks (p=0.0013) (Figure 2C). Additionally, the coefficient of
variance across all MALDI pixels calculated for each peak
intensity differed significantly between the schizophrenia
and control groups (Wilcoxon signed-rank test, p <4e-10,
Figure 2D). For a subset of peaks matched with the HPLC-MS
result, good agreement was demonstrated between the two
mass spectrometric techniques with R=0.77 and p=0.0061
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Figure 2. Schizophrenia-associated lipidome alterations in corpus callosum between the groups of patients with schizophrenia
and the group of healthy controls.

Note: (A) Boxplots representing differences in lipid intensities between SZ patients and the HC for each lipid class, measured with HPLC-MS. Asterisks
reflect the statistical significance of the difference evaluated via a one-sample Student t-test of the differences between groups vs zero for each
class (¥*** — p <0.001; ** — p <0.01; * — p <0.05; p-values corrected for multiple hypothesis testing). Positive values represent higher levels in the
schizophrenia group. (B) Correlation of average differences for each lipid class correlated to the published paper on the corpus callosum lipidome

in schizophrenia by Shimamoto et al. [7]. The correlation is calculated based on the same 10 lipid classes measured in two works. (C) Boxplots of

the peak intensity distribution for the MALDI imaging experiment. Each line connects the same peak in two sample groups. One-sample Student
t-test was used to determine whether the distribution of the differences between peak averages between the two groups differed statistically
significantly from zero (p=0.0013). (D) Boxplots of the coefficient of variance calculated for each MALDI peak within each group. Statistical significance
of the differences between the coefficients of variance evaluated via the Wilcoxon signed-rank test (p <4e-10). Lines connect the same lipid intensity
averaged within different groups. (E) Correlation of average differences for each lipid class between the two types of measurements (HPLC-MS and
MALDI-MSI). (F) Correlation with [7] for the MALDI imaging experiment. Peaks-plotting was based on mass-matching, and one dot represents one

matched peak.

Linear regression lines on the plots B, E, and F are drawn with C1=95% by shaded areas, demonstrating that all the represented correlations are
statistically significant and positive. Full names for the lipid classes present in the Box 1in the Supplementary. The box boundaries in the boxplots
represent the 25% and 75% percentiles, the lines represent the spread, and statistical outliers are indicated by dots.

HC — healthy controls; HPLC-MC — high-performance liquid chromatography with mass spectrometry; MALDI-MS|I — matrix-assisted laser
desorption/ionization mass spectrometric imaging; SZ — schizophrenia patients.

Source: Osetrova et al., 2025.
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Module

Top terms (Max 10)

Genes | Terms ‘

oM

Cytoplasmic translation; translation; peptide biosynthetic process; amide biosynthetic process;
peptide metabolic process; ribonucleoprotein complex biogenesis; ribosome biogenesis; regulation
of translation; erythrocyte differentiation; regulation of cellular amide metabolic process.

69

54

o M2

Negative regulation of extrinsic apoptotic signaling pathway via death domain receptors; regulation
of extrinsic apoptotic signaling pathway via death domain receptors; regulation of extrinsic apoptotic
signaling pathway; extrinsic apoptotic signaling pathway via death domain receptors; negative
regulation of extrinsic apoptotic signaling pathway; histone acetylation; internal peptidyl-lysine
acetylation; internal protein amino acid acetylation; peptidyl-lysine acetylation; spindle organization.

108

75

o M3

Epithelial cell migration; tissue migration; epithelium migration; ameboidal-type cell migration;
regulation of cell morphogenesis; regulation of cell shape; endothelial cell migration; cellular
component morphogenesis; cell morphogenesis; regulation of epithelial cell migration.

203

120

o M4

Fatty acid biosynthetic process; monocarboxylic acid biosynthetic process; chloride transmembrane
transport; small molecule biosynthetic process; photoreceptor cell maintenance; chloride transport;
response to fatty acid; inorganic anion transmembrane transport; unsaturated fatty acid biosynthetic
process; retina homeostasis.

112

39

o

_/

Figure 3. Modules of genes in the corpus callosum with differential expression between the group of patients with schizophrenia
and the group of healthy controls.

Note: One dot represents one gene, colored according to module assignment, edges represent functional association between two genes, the size
of the dots reflects the number of edges. The five most statistically significant functional terms for each module are presented in the Table S5 in

the Supplementary.

Source: Osetrova et al., 2025.
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(Figure 2E). If calculated without the most outstanding
class, the carnitines, the correlation remained positive, but
not statistically significant (R=0.29; p=0.42). Finally, MALDI
peaks matched with Shimamoto et al. [7] demonstrated
a statistically significant positive correlation between two
datasets with R=0.46 and p=0.0066 (Figure 2F).

The analysis of 14,254 transcripts in specimens of the
corpus callosum revealed 1,202 (8.4%) differentially
expressed genes between the groups of patients with SZ
and HC (Table $4 in the Supplementary). Twenty genes
out of the 1,202 were excluded from the analysis due to
the lack of information about them in the HumanBase. As
a result, four functional modules were identified, which
included 492 of the detected genes (Figure 3, Table S5 in
the Supplementary). The main cellular functions of the
M1 module are the following: cytoplasmic translation,
translation, peptide biosynthetic process, amide biosynthetic
process, and peptide metabolic process; module M2:
negative regulation of extrinsic apoptotic signaling pathway
via death domain receptors, regulation of extrinsic apoptotic
signaling pathway via death domain receptors, regulation
of extrinsic apoptotic signaling pathway, extrinsic apoptotic
signaling pathway via death domain receptors, and
negative regulation of the extrinsic apoptotic signaling
pathway; module M3: epithelial cell migration, tissue
migration, epithelium migration, ameboidal-type cell
migration, and regulation of cell morphogenesis; module
M4: fatty acid biosynthetic process, monocarboxylic acid
biosynthetic process, chloride transmembrane transport,
small molecule biosynthetic process, and photoreceptor
cell maintenance.

DISCUSSION

Key results

The analysis of the alterations in the lipid composition
of the corpus callosum of the brain of patients with
schizophrenia using two mass spectrometric methods
demonstrated a trend towards overall lower lipid levels
for the most observed classes and consistency between
techniques and studies. Among lipid classes with the
most noticeable discrepancies are the ones previously
associated with myelin sheath formation. Analysis of
spatial-dispersion-of-lipids-across-the-corpus-callosum
slides revealed a more homogeneous distribution for
samples taken from schizophrenia patients. Functional
gene analysis also identified a module associated with lipid
metabolism.

Limitations

One of the major limitations of our study is the limited
sample size, especially taking into account the high
heterogeneity of the disease. Moreover, our study design
did not exclude the potential influence of confounding
variables, such as the use of antipsychotic medication,
on the lipid composition of the white matter tracts of the
brain. However, despite this, we observed a statistically
significant correlation between two independent mass
spectrometry experiments on different subsamples, as well
as a correlation with previously published data obtained
from a larger sample of individuals. Moreover, even with
the possible “noise” of individual lipid measurements and
annotation, the results at the lipid class level are consistent
and reproducible. Another limitation of the article concerns
the statistical analysis. Using unpaired comparison methods
for the difference in the mean lipid levels and their CoV
between groups, statistically significant differences were
not observed (p >0.05 for the two-sample Student's t-test
and the Mann-Whitney test, respectively). Onthe one hand,
this may be due to the small effect size. On the other hand,
the reason might be the fact that different lipids have a large
spread of characteristic values due to methodological
limitations, which makes the variance within sample groups
comparable to the total variance for both groups.

Interpretation

Although previous studies had detected a few [7] or no [22]
statistically significant differences between schizophrenia
patients and control groups, we demonstrated class-level
consistency in the direction of the differences, both for
different techniques and in comparison of our results
to previously published data on the subset of classes in
intersection. Free fatty acids showed the greatest difference
towards the higher level, which is also consistent in the
direction of differences with the results of previous work
from our group [23] and may be a general marker of lipid
metabolism disorders characteristic of schizophrenia.
Importantly, corpus callosum was the region with the
most significant differences, as compared to the other five
regions of white matter investigated, although differences
at the level of individual classes could diverge, which may
be a limitation in the use of a relatively small sample in
our study. The decline in the level of lipids associated with
myelin sheath formation, such as sulfohexosylceramides
sphingomyelins, and hexosylceramides, aligns our results
with previously shown disturbances in the myelin structure
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detected in schizophrenia using various MRI technigues
[24-27]. The decrease in the levels of phosphatidylglycerols
might reflect mitochondrial dysfunction, which has also been
linked to schizophrenia [23]. Interestingly, elevated levels
of triacylglycerides have been designated as biomarkers
of schizophrenia with elevated levels in the blood [28, 29].
Differences in the distribution of lipids across the corpus
callosum sections assessed via the coefficient of variance for
each peak demonstrated a more even intensity distribution
for the schizophrenia samples, suggesting a less structured
organization of lipids [30]. Such results might be a reflection
of disturbances in cellular organization, such as less dense
myelin packing and less compartmentalization [31].

The functional gene analysis results align well with recent
studies on the disruption of ribosome action in schizophrenia
[32, 33], the role of the extrinsic apoptotic pathway in
the mechanisms of neuroprotection, the homeostasis of
inflammatory reactions and neurodegeneration [34], the
influence of alterations in histone acetylation on neuronal
migration in schizophrenia [35], the direct connection
between the expression of the factors that direct axon growth
and the development of interhemispheric commissures
[36], the regulation of the balance of excitation/inhibition
in the brain by transmembrane transport of chlorides in
schizophrenia [37, 38], and the key role of polyunsaturated
fatty acids in the inflammatory response of different types
of brain cells and dysfunction in neurotransmitter systems
[39-42]. In the scope of the current paper, the latter is of
special interest as further investigation of genes associated
with M4 might help gain a deeper understanding of the
discovered lipidome differences in the corpus callosum
associated with schizophrenia.

CONCLUSION

We suggest that investigation of the molecular alterations
in the composition of the white matter in schizophrenia and
the combination of various measuring techniques might
help us achieve a deeper understanding of the disease. The
application of mass spectrometric neuroimaging methods
to the analysis of the white matter composition showed to
be a promising technique, with further potential to help
peer deeper into the spatial nuances of lipidome alterations.
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