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Abstract

Background: Schizophrenia (SZ) is a severe mental
disorder that is marked by hallucinations and cognitive im-
pairments. Ferroptosis is a type of cell death that is asso-
ciated with iron and lipid peroxidation; it may play a role
in SZ etiology. The present study aimed to explore the cor-
relations between ferroptosis-related genes and SZ in three
brain regions.

Methods: We used the Gene Expression Omnibus
dataset GSE80655 to analyze brain samples from SZ pa-
tients and controls; specifically, we evaluated the ante-
rior cingulate cortex (Ancg), dorsolateral prefrontal cor-
tex (DLPFC), and nucleus accumbens (nAcc). The data
were preprocessed in R, and ferroptosis-related differen-
tially expressed genes (DEGs) were identified. Pearson
correlation analysis was then performed to assess correla-
tions between these DEGs and age at death, postmortem
interval, or brain pH. To identify important ferroptosis-
related genes, we created a protein—protein interaction net-
work using the Search Tool for the Retrieval of Interacting
Genes/Proteins database, and visualized it using Cytoscape
software. Moreover, the pROC package was used to cal-
culate the area under the receiver operating characteristic
curves for these important genes. Finally, gene set varia-
tion analysis was used for the pathway enrichment analysis
of ferroptosis-related pathways, followed by the Wilcoxon
rank-sum test.

*Corresponding author details: Yihua Jiang, Prevention and Treatment
Department, Shanghai Minhang District Mental Health Center, 201112
Shanghai, China. E-mail: janelzs@sohu.com

Results: Nine ferroptosis-related DEGs were upreg-
ulated in the Ancg region and one was downregulated in
the nAcc region. In the Ancg region, the SZ group had
four ferroptosis-related DEGs that were negatively corre-
lated with postmortem interval, and the control group had
five ferroptosis-related DEGs that were negatively corre-
lated with brain pH. The protein—protein interaction net-
work analysis of the Ancg region revealed seven significant
interacting genes; tissue inhibitor of metalloproteinases 1
(TIMP1) and galectin 3 (LGALS3) were the hub genes.
Gene set variation analysis revealed substantial changes in
the glycolysis pathway in the Ancg region, and in the glu-
tamate transmembrane transport pathway and unsaturated
fatty acid biosynthesis process pathway in the nAcc region,
in SZ patients compared with controls.

Conclusions: The correlation between ferroptosis and
SZ appears to be stronger in the Ancg than in the nAcc or
dorsolateral prefrontal cortex. This association may be me-
diated by TIMP1 and LGALS3 as well as by the glycolysis
pathway, indicating that these might be possible biomarkers
for SZ.
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Introduction

Positive symptoms of schizophrenia (SZ) include hal-
lucinations and delusions, whereas negative symptoms in-
clude emotional apathy, social disengagement, and cogni-
tive failure. SZ frequently manifests as recurring episodes
that are difficult to treat or reduce [1]. It is a complex, se-
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vere mental illness with a poorly understood cause [2,3].
Related studies suggest that SZ is a psychiatric illness
caused by a combination of environmental and genetic vari-
ables [4-7]. Notably, perinatal period iron insufficiency
may be a risk factor for SZ development; animal trials, hu-
man investigations, and epidemiological surveys all pro-
vide evidence to support this viewpoint [8]. Furthermore, a
meta-analysis of data from 39 investigations of plasma and
serum revealed the common incidence of iron deficiency
in patients with SZ [9]. Magnetic resonance neuroimag-
ing studies of patients with SZ have demonstrated signifi-
cantly elevated brain iron levels in areas such as the stria-
tum and thalamus [10,11]. Iron is essential for the cen-
tral nervous system, where it participates in neurophysio-
logical functions such as neurotransmitter production, re-
dox balance, and myelination [12]. Thus, abnormalities
in brain iron metabolism may play an important role in
the onset and progression of SZ [3]. Ferroptosis is a type
of programmed cell death that is mostly mediated by cel-
lular metabolic pathways. These pathways include redox
homeostasis, iron metabolism, mitochondrial function, and
amino acid, lipid, and glucose metabolism, all of which are
affected by disease-associated signaling pathways [13].

As a relatively new research field, the number of pub-
lished papers on ferroptosis has experienced exponential
growth in recent years [13]. Ferroptosis is reportedly im-
portant in neurological disorders [14]; however, research
into ferroptosis in SZ is relatively limited. To date, the rela-
tionship between ferroptosis-related genes and SZ has been
explored in only one study, which used samples from pe-
ripheral blood mononuclear cells and the prefrontal brain
[15].

The anterior cingulate cortex (Ancg), dorsolateral pre-
frontal cortex (DLPFC), and nucleus accumbens (nAcc) are
commonly associated with emotional changes, cognition,
impulse control, motivation, reward, and pleasure—all of
which are altered in mental disorders [16]. In the present
study, we therefore selected these three brain regions to
investigate ferroptosis-related genes in SZ, to fill the re-
search gap in this area. Transcriptome data from SZ pa-
tients and a control group in the GSE80655 dataset of the
Gene Expression Omnibus (GEO) were used to investigate
the ferroptosis-related genes and pathways in these three
brain regions. We also explored the associations between
ferroptosis-related differentially expressed genes (DEGs)
and age at death, postmortem interval, or brain pH. This
study not only aids in our understanding of the pathophys-
iology of SZ, but also offers novel insights and potential
clinical intervention strategies for this disease.

Materials and Methods
Dataset Selection and Analysis

The GEO is a publicly accessible gene expression
database that is operated by the National Center for Biotech-
nology Information (USA). It is primarily used to store and
publicly share gene expression data as well as other types
of high-throughput sequencing data [17]. The GSE80655
dataset was downloaded from the GEO database (https:
//www.ncbi.nlm.nih.gov/geo/) based on the disease type of
the study. This dataset contains 141 samples: 71 from
SZ patients (24 Ancg, 24 DLPFC, and 23 nAcc) and 70
from controls (24 Ancg, 24 DLPFC, and 22 nAcc). The
original studies from which these data were derived fol-
lowed ethical guidelines in accordance with the Declara-
tion of Helsinki. We processed the dataset using R (ver-
sion 4.4.0, R Foundation for Statistical Computing, Vi-
enna, Austria) with AnnotationDbi, parallel, BiocGenerics,
Biobase, IRanges, S4Vectors, and openxlsx packages. We
used the maplds function from the org.Hs.eg.db package
(version 3.19.1, Bioconductor, Seattle, WA, USA) to trans-
late ENSEMBL IDs to gene names. We then cleaned the
data, deleting any probable missing values. Finally, gene
expression information from the three brain regions was
collected.

Identification of DEGs

To compare whether genes were differentially ex-
pressed between the SZ and control groups, we used the
edgeR package (version 4.2.0, Walter and Eliza Hall Insti-
tute of Medical Research, Melbourne, Victoria, Australia)
[18] to analyze the GSE80655 dataset for DEGs. Signifi-
cant DEGs were filtered based on a fold-change threshold of
>1.5 and a false discovery rate (FDR) threshold of <0.05.
Genes with log2FC >0 were taken as upregulated, whereas
genes with log2FC <0 were taken as downregulated. To
create volcano plots, the geom_point function from the gg-
plot2 library was used.

Extraction of Ferroptosis-Related DEGs

The ferroptosis-related genes were primarily obtained
through a literature review [19]. The intersection be-
tween the DEGs obtained in the previous step and these
ferroptosis-related genes yielded ferroptosis-related DEGs.
To do this, we drew Venn diagrams using the grid (ver-
sion 4.4.0, R Foundation for Statistical Computing, Vi-
enna, Austria) and VennDiagram (version 1.7.3, Ontario In-
stitute for Cancer Research, Toronto, ON, Canada) pack-
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ages; any overlaps between our identified DEGs and the
855 ferroptosis-related genes represent ferroptosis-related
DEGs.

Correlation Analysis between Ferroptosis-Related DEGs
and Parameters such as Age of Death, Postmortem
Interval, or Brain pH

Using the ferroptosis-related DEGs between the SZ
and control groups, we used R to conduct a Pearson cor-
relation analysis between the DEGs and age at death, post-
mortem interval, or brain pH. We then created a correlation
bubble plot using the ggplot2 (version 3.5.1, Austin, TX,
USA) and ggrepel (version 0.9.5, Boston, MA, USA) pack-
ages.

Creation of the Protein—Protein Interaction (PPI) Network
and Selection of Hub Genes

We uploaded the names of our identified ferroptosis-
related DEGs to the Search Tool for the Retrieval of In-
teracting Genes/Proteins (STRING) database (version 12.0,
European Molecular Biology Laboratory, Heidelberg, Ger-
many; https://string-db.org/) [20] to construct a PPI net-
work. We then imported the results from the STRING
database analysis into Cytoscape software (version 3.10.2,
Institute for Systems Biology, Seattle, WA, USA) [21] and
used the built-in cytoHubba plugin [22] to perform subnet-
work selection and visualization. The Degree algorithm
was used for topology analysis and gene relevance rank-
ing in critical subnetworks, resulting in the identification of
hub ferroptosis-related genes.

Evaluation of the Diagnostic Value of Ferroptosis-Related
Hub Genes

To further explore the diagnostic value of hub genes in
SZ, the pROC package (version 1.18.5, Geneva, Switzer-
land) [23] was used to plot the receiver operating charac-
teristic [24] curves in the Ancg region based on the hub
genes tissue inhibitor of metalloproteinases 1 (7/MPI) and
galectin 3 (LGALS3), and in the nAcc region based on ac-
tivating transcription factor 3 (A7TF3). A greater area un-
der the curve (AUC) [25] suggests more potential utility for
these genes in the diagnosis of SZ.

Analysis of Gene Set Variation in Ferroptosis-Related
Pathways

The gene list associated with ferroptosis pathways was
mostly gathered from relevant literature [19]. The gene set

variation analysis (GSVA; version 1.52.3, Barcelona, Cat-
alonia, Spain) [26] program was used to perform enrich-
ment analysis of the ferroptosis-related pathways, which
resulted in GSVA enrichment scores for the three brain re-
gions. The Wilcoxon rank-sum test was then used to com-
pare the GSVA scores of ferroptosis-related pathways be-
tween the SZ and control groups in each of the three brain
regions. p < 0.05 indicates significance. To create violin
plots, we used the ggplot2, Hmisc (version 5.1.3, Nashville,
TN, USA), and ggalluvial (version 0.12.5, Farmington, CT,
USA) [27] packages in R.

Results
Identification of DEGs

Significant DEGs between the SZ and control groups
were observed in all three brain regions. In the Ancg,
DLPFC, and nAcc regions, there were significant changes
in gene expression levels; specifically, there were 253
DEGs (233 upregulated, 20 downregulated) in the Ancg
(Fig. 1A), five DEGs (three upregulated, two downregu-
lated) in the DLPFC (Fig. 1B), and 167 DEGs (157 upreg-
ulated, 10 downregulated) in the nAcc (Fig. 1C).

Extraction of Ferroptosis-Related DEGs

In the Ancg region, nine ferroptosis-related DEGs
were identified (FDR <0.05): interferon-induced trans-
membrane protein 3 (IFITM3), hypoxia inducible fac-
tor 3 subunit alpha (HIF34), TIMPI, lipin 3 (LPIN3),
NAD(P)H quinone dehydrogenase 1 (NQOI), phospho-
lipase A1 member A (PLAIA), LGALS3, ceruloplasmin
(CP), and caspase 4 (CASP4), all of which were upreg-
ulated (Fig. 2A,B). The significant expression changes of
these genes suggest the potential importance of the Ancg
for iron metabolism regulation. By contrast, no significant
ferroptosis-related DEGs were identified in the DLPFC. In
the nAcc, only one ferroptosis-related DEG was identified:
ATF3, which was downregulated (Fig. 2C,D). These results
not only demonstrate that differential expression patterns
of iron metabolism regulation occur across different brain
regions, but also suggest the potential existence of region-
specific biological functions.

Correlation Analysis between Ferroptosis-Related DEGs
and Factors such as Age at Death, Postmortem Interval,
or Brain pH

In the Ancg, we observed significant correlations be-
tween ferroptosis-related DEGs and postmortem interval
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Fig. 1. Volcano plots of differentially expressed genes (DEGs) between the schizophrenia and control groups across three brain

regions. (A) Anterior cingulate cortex. (B) Dorsolateral prefrontal cortex. (C) Nucleus accumbens. Red dots represent significantly

upregulated genes, green dots represent significantly downregulated genes, and gray dots represent non-significant DEGs.

as well as brain pH values in the SZ and control groups.
Specifically, four ferroptosis-related DEGs in the SZ group
were negatively correlated with postmortem interval: CP
(r =-0.41, p = 0.044), LGALS3 (r = —0.41, p = 0.045),
LPIN3 (r = —0.55, p = 0.006), and HIF34 (r = -0.42, p
= 0.043) (Fig. 3A). In the SZ group, ferroptosis-related
genes were primarily influenced by postmortem interval,
suggesting that these genes may be regulated by specific
pathological factors, such as iron homeostasis imbalance
and oxidative stress, that were present during the disease
state. These pathological factors may have already existed
in these patients before their death and continued to af-
fect gene expression postmortem. Furthermore, in the con-
trol group, five ferroptosis-related DEGs were negatively
correlated with brain pH: PLAIA (r = -0.48, p = 0.017),
CP (r =-0.46, p = 0.022), TIMPI (r =-0.50, p = 0.012),
IFITM3 (r=-0.43, p=0.037), and LGALS3 (r=—0.48,p=
0.017) (Fig. 3B). In the control group, these genes may have
maintained normal brain function and metabolic homeosta-
sis by responding to fluctuations in brain pH. These cor-
relations likely reflect the adaptive mechanism of the nor-
mal brain to pH fluctuations. The differential expression
of common genes between the two groups, such as CP and
LGALS3, further highlights the disease-specific regulatory
mechanisms. In the SZ group, the expression of these genes
was more susceptible to pathological factors (such as a pro-
longed postmortem interval, leading to sustained oxidative
stress and inflammatory responses), whereas in the control
group, these genes responded more to normal physiological
changes (such as pH fluctuations). By contrast, no correla-
tions were identified in the nAcc region.
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Creation of the PPI Network and Selection of Hub Genes

We uploaded the nine ferroptosis-related DEGs to the
STRING database and removed two isolated nodes without
connections, resulting in a PPI network structure that was
composed of seven nodes and fourteen edges (Fig. 4A). The
results of the PPI network analysis were imported into Cy-
toscape, and two hub genes—7IMPI and LGALS3—were
identified using the Cytohubba plugin. This finding indi-
cates that these two genes are the most important nodes of
the network, and may play crucial roles in the mechanism
of iron homeostasis (Fig. 4B).

Evaluation of the Diagnostic Value of Ferroptosis-Related
Hub Genes

In the Ancg region, we investigated the diagnostic
value of TIMPI and LGALS3. They had AUC values of
0.63 and 0.64, respectively (Fig. 5SA), indicating that TIMP1
and LGALS3 may have the potential to distinguish patients
with SZ. In the nAcc region, we observed an AUC value of
0.61 for ATF3 (Fig. 5B), further highlighting its potential
role as a biomarker in SZ. The combined examination of
TIMPI and LGALS3 in the Ancg region revealed their po-
tential diagnostic value for SZ, with a combined AUC value
of 0.65 (Fig. 5C). These results provide a basis for further
research into the role of TIMPI and LGALS3 in SZ.
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Fig. 2. Venn plots of differentially expressed genes (DEGs) and ferroptosis-related genes in the anterior cingulate cortex (Ancg)
and nucleus accumbens (nAcc), and correlation volcano plots of ferroptosis-related DEGs in these brain regions. (A,B) Ancg.
(C,D) nAcc. (A,C) The blue portion represents ferroptosis-related genes, the red portion represents DEGs, and the overlapping portion
represents ferroptosis-related DEGs. (B,D) Red dots represent significantly upregulated genes, blue dots represent significantly downreg-
ulated genes, and gray dots represent non-significant DEGs. LPIN3, lipin 3; HIF34, hypoxia inducible factor 3 subunit alpha; IFITM3,
interferon-induced transmembrane protein 3; NOOI, NAD(P)H quinone dehydrogenase 1; LGALS3, galectin 3; TIMP], tissue inhibitor
of metalloproteinases 1; PLA1A4, phospholipase A1 member A; CP, ceruloplasmin; CASP4, caspase 4.

Analysis of Gene Set Variation in Ferroptosis-Related
Pathways

Relative to the control group, the SZ group had
significant changes (p < 0.05) in the Ancg region for
one ferroptosis-related pathway: the glycolysis pathway
(Fig. 6A). The glycolysis pathway breaks down glucose to
generate Adenosine Triphosphate/energy and provides the
raw materials required for cellular biosynthesis. Compared
with the control group, the SZ group had abnormal down-
regulation of the glycolysis pathway; this may affect cellu-

804

lar energy metabolism, biosynthesis, and neuronal function
and survival. Ferroptosis-related metabolic abnormalities
may play an important role in this process. There were no
substantial variations in ferroptosis-related pathways in the
DLPFC region. In the nAcc region, two ferroptosis-related
pathways exhibited substantial changes (p < 0.05) in the SZ
group: those of glutamate transmembrane transport and un-
saturated fatty acid biosynthesis (Fig. 6B,C). The glutamate
transmembrane transport pathway regulates the distribution
and concentration of glutamate in the nervous system, thus
critically influencing neurotransmission and neuronal ex-
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Fig. 3. Bubble plots of correlations between ferroptosis-related differentially expressed genes (DEGs) and postmortem interval
or brain pH in the anterior cingulate cortex region. (A) In the schizophrenia group, four ferroptosis-related DEGs were negatively
correlated with postmortem interval. (B) In the control group, five ferroptosis-related DEGs were negatively correlated with brain pH.
The size of the points represents the absolute value of the correlation coefficient, red indicates a positive correlation, blue indicates a
negative correlation, and the shape of each point represents significance (circle for significance, square for no significance).
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Fig. 4. Protein—protein interaction (PPI) network graph and hub gene network graph of ferroptosis-related differentially ex-
pressed genes (DEGs) in the anterior cingulate cortex (Ancg) region. (A) PPI network graph of ferroptosis-related DEGs in the
Ancg. Purple lines represent experimentally determined interactions, green lines represent text mining interactions, and black lines rep-
resent co-expression interactions. (B) Hub gene network graph of the Ancg. A node color that approaches red indicates that the gene has

higher centrality in the network.

citability and function. The unsaturated fatty acid biosyn-
thesis pathway synthesizes the unsaturated fatty acids that
are needed for cell membrane structure. This pathway is
involved in regulating cellular energy storage, signal trans-
duction, and bioactive molecule synthesis. Compared with
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the control group, the SZ group had downregulation of both
the glutamate transmembrane transport pathway and the un-
saturated fatty acid biosynthesis pathway. Because these
are ferroptosis-related pathways, this finding may suggest
that abnormal metabolic expression is associated with fer-
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Fig. 5. Analysis of the diagnostic value of ferroptosis-related hub genes in the anterior cingulate cortex (Ancg) and nucleus
accumbens (nAcc) regions. (A) Tissue inhibitor of metalloproteinases 1 (7/MP1) and galectin 3 (LGALS3) in the Ancg. (B) Activating
transcription factor 3 (ATF3) in the nAcc. (C) The combined examination of hub genes 7/MP1I and LGALS3 in the Ancg. The area under
the curve (AUC) represents the receiver operating characteristic curve.

roptosis mechanisms in SZ patients. These changes may
also be linked to neuronal dysfunction, alterations in cell
membrane structure, and/or the development and progres-
sion of the disease.

Discussion

SZ is a complex neuropsychiatric condition that can
be induced by a variety of circumstances. Previous research
has revealed considerable genetic susceptibility and famil-
ial clustering in SZ, with pathophysiology strongly linked
to genetics. Because of its possible importance in neu-
rodegenerative diseases, ferroptosis—a unique form of con-
trolled cell death—has recently received much interest [28—
31]. However, the precise involvement of ferroptosis in SZ
remains unknown. In the present work, we investigated
ferroptosis-related DEGs in SZ and explored their proba-
ble causes using a gene expression analysis of three brain
regions.

A large number of DEGs were identified in the Ancg,
and the significant changes in these genes may reflect the
crucial role of this brain region in the pathogenesis of SZ.
By contrast, the DLPFC and nAcc exhibited fewer DEGs,
suggesting that changes in gene expression in these areas
might be more limited in SZ. The Ancg also had the highest
number of ferroptosis-related DEGs. This finding implies
that aberrant iron metabolism and the ferroptosis-related
pathway may play major roles in the Ancg, and indicates
that distinct brain regions may be involved in the devel-
opment and progression of SZ via different molecular pro-
cesses. In the nAcc, a significant downregulation of the
ferroptosis-related DEG ATF3 was observed. ATF3 is a
transcription factor that has important functions in cellu-
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lar stress responses and neurological diseases [32-34]. Its
downregulation in SZ patients may suggest the abnormal
regulation of iron metabolism pathways and an involvement
in complex mechanisms related to cell death and oxidative
stress.

In the Ancg, the expression levels of some ferroptosis-
related genes were negatively correlated with the post-
mortem interval. This suggests a possible association be-
tween metabolic abnormalities of these genes in the brains
of SZ patients and clinical manifestations, further empha-
sizing the importance of iron metabolism abnormalities in
the pathogenesis of SZ. However, no such correlation was
observed in the other two brain regions.

Through PPI network analysis, 7IMPI and LGALS3
were identified as ferroptosis-related hub genes in the Ancg.
These genes play crucial roles in extracellular matrix re-
modeling and cell death processes [35-37]. Moreover, the
significant expression changes of these genes in SZ suggest
their potentially important regulatory roles in the patholog-
ical processes of the disease, and indicate that they may
serve as potential therapeutic targets.

Although TIMPI1, LGALS3, and ATF3 have demon-
strated significant alterations in SZ research, their utility in
the early detection of psychiatric disorders remains limited.
This study investigates the role of these genes in patho-
logical mechanisms and explores their potential value in
multi-gene combination strategies. Future research should
aim to enhance the accuracy of diagnostic models through
the integration of multi-gene combinations and supplemen-
tary methods, and evaluate the clinical applicability of these
genes.
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Wilcoxon rank-sum test.

The box plot in the GSVA revealed that the median
GSVA enrichment scores of the SZ group were generally
lower than those of the control group, indicating that the
overall metabolic status of SZ patients may be affected
by metabolic pathways such as those of glycolysis, gluta-
mate transmembrane transport, and unsaturated fatty acid
biosynthesis. SZ patients may have aberrant metabolic ac-
tivity or levels of metabolites in these pathways, thus result-
ing in lower total GSVA enrichment scores. This may also
indicate changes in cellular energy metabolism and mem-
brane lipid metabolism in SZ patients, which might play
an important part in the ferroptosis mechanism of SZ. To-
gether, these findings suggest new avenues for further in-
vestigation into the unique mechanisms of ferroptosis in SZ.

In the present study, we systematically identified and
analyzed ferroptosis-related genes and pathways in the
Ancg, DLPFC, and nAcc regions of SZ patients for the
first time. We also explored the associations between
ferroptosis-related DEGs and age at death, postmortem in-
terval, or brain pH. However, our study has some limi-
tations, including a lack of experimental validation. Fu-
ture studies should increase the sample size and incorporate
functional trials to corroborate these findings, with the goal
of investigating the precise mechanisms of ferroptosis in SZ
and assessing its potential as a therapeutic target.

Actas Esp Psiquiatr 2024;52(6):800—809. https://doi.org/10.62641/aep.v52i6.1740 | ISSN:1578-2735

Conclusions

In the present study, we used multi-level gene expres-
sion and network analysis to investigate the potential rele-
vance of ferroptosis in the pathogenesis of SZ. We observed
significant changes in ferroptosis-related genes and path-
ways in the Ancg of SZ patients, and ferroptosis-related
DEGs were negatively correlated with postmortem interval,
highlighting the importance of this process in SZ. TIMP]
and LGALS3 were identified as key genes in the Ancg, thus
warranting further investigation into their roles in disease
pathophysiology and diagnostics. In the nAcc, although
only one ferroptosis-related DEG was identified, the glu-
tamate transmembrane transport pathway and unsaturated
fatty acid biosynthesis process pathway showed significant
differences between controls and SZ patients. These find-
ings underscore the complex involvement of ferroptosis in
SZ and suggest specific genes and pathways for future re-
search.
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