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Editorial on the Research Topic
Ferroptosis in stroke, neurotrauma and neurodegeneration, volume |l

Ferroptosis, a new form of cell death, is characterized by the accumulation of intracellular
iron and lipid reactive oxygen species (ROS) (Deng et al., 2023). The primary morphologic
manifestations of ferroptosis include cell volume shrinkage and increased mitochondrial
membrane density. This process of ferroptosis differs from other apoptotic types of cell
death such as necroptosis and pyroptosis (Costa et al., 2023). Growing evidence indicates
that ferroptosis plays key roles in neurological diseases such as stroke, traumatic brain
injury (TBI), and neurodegenerative diseases [Alzheimer’s disease (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), vascular dementia (VD), Huntington’s disease
(HD)] (Costa et al., 2023; Du et al., 2023). Ferroptosis inhibition has been shown to protect
neurons and ameliorate cognitive impairment in various disease animal models (Li et al.,
20225 Zhang et al., 2023). However, to date, the underlying mechanisms that how ferroptosis
causes neurological injuries are still unclear. This Research Topic finally published nine
studies, which extensively explored the relationships between ferroptosis and neurological
diseases (stroke, TBI, and neurodegenerative diseases), including underlying mechanisms of
ferroptosis, potential targeting, and the relationship between ferroptosis and other kinds of
cell death (necroptosis and pyroptosis).

Ferroptosis and stroke

Zhu et al. adopted the method of bioinformatics analysis to explore the ferroptosis-
related ceRNA regulation network in intracranial aneurysm. They analyzed data from the
Gene Expression Omnibus (GEO) datasets and tried to identify differentially expressed genes
(DEGs), differentially expressed miRNAs (DEMs), and differentially expressed IncRNAs
(DELs) in intracranial aneurysm. In all, 30 ferroptosis DEGs, five key DEMs, and 17
key DELs were screened and they found that CeRNA (PVTI-hsa-miR-4644-SLC39A14
and DUXAPS8-hsa-miR-378e/378f-SLC2A3) overexpression networks were associated with
ferroptosis in intracranial aneurysm. Pan et al. extensively elucidated the underlying
mechanisms of ferroptosis in hemorrhagic stroke. They reported that ferroptosis plays
important roles in the hemorrhagic stroke. The mechanisms include ion overloaded, lipid
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peroxidation, and dysfunctional antioxidant system. Moreover,
they also discussed the crosstalk between ferroptosis and other
types of neuronal death or autophagy. Finally, they pointed out that
ferroptosis marker detection, diversity of ferroptotic cell, and the
uncertainty about the magnitude and duration of ferroptotic action
are mainly the research dilemma and will be the research prospects
of ferroptosis. The third study by Cao et al. also introduced
the underlying mechanism and crosstalk of ferroptosis with
other modes of neuronal death after intracerebral hemorrhage.
Except for the overlaping content showed by Pan et al., Cao et al.
discussed several therapeutic targets of inhibitors of ferroptosis in
ICH, including selenium supplementation, iron chelators (DFX,
VK-28, deferiprone), lipoxygenase inhibitors, and DMT1 inhibitor
(Ebselen). The study by Chen et al. extensively introduced different
patterns of neuronal death and their molecular mechanisms
after subarachnoid hemorrhage (SAH), including necrosis,
apoptosis, pyroptosis, autophagy, necroptosis, and ferroptosis.
In ferroptosis, they emphatically introduced three primary
anti-ferroptosis systems, GPX4-GSH-cysteine system, FSP1-
CoQ10-NAD (P)H system and GCH1-BH4-DHFR system. These
studies extensively demonstrated the underlying mechanisms
of ferroptosis in stroke and its potential therapeutic targets,
which provides key information for future study of ferroptosis
in stroke.

Ferroptosis and neurodegenerative
diseases

Among the rest, three studies emphasized the important roles
of ferroptosis in neurodegenerative diseases. Wang et al. applied
bioinformatic analysis to explore ferroptosis-related biomarkers
for AD. They also analyzed the data from GEO datasets and
performed enrichment analyses of protein-protein interaction
(PPI), the Gene Ontology (GO), and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway. Twenty-four ferroptosis-
related genes were identified as target genes. Finally, ASNS
and SENS2 are screened as potential diagnostic biomarkers for
AD and provide additional evidence regarding the essential
role of ferroptosis in AD. In another study, Fu et al. focused
on investigating the expression pattern of ferroptosis and
iron metabolism-related genes (FIRGs) in amyotrophic lateral
sclerosis (ALS). They performed a conjoint analysis of bulk-
RNA sequence and single-nucleus RNA sequence data using
the datasets from GEO. Fifteen FIRGs was identified as target
genes. Final analysis of bulk single-nucleus RNA-seq data showed
that CHMP5 was expressed significantly higher in ALS than
pathologically normal (PN), specifically in excitatory neuron
populations. The third study comprehensively reviewed the
relationship of ferroptosis and neurodegenerative diseases. Firstly,
they introduced the mechanisms of ferroptosis, including transport
and storage of iron in the brain, the glutamate/cysteine antiporter
in ferroptosis and lipid peroxidation in ferroptosis. In the
second part, they reviewed the roles of ferroptosis in each
neurodegenerative disease, such as AD, vascular dementia (VD),
PD, HD, ALS, and TBI. These three studies interestingly showed
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the molecular patterns and underlying mechanisms of ferroptosis
in neurodegenerative diseases.

Ferroptosis and other neurological
diseases

The remaining two studies provided another view of neuronal
used bioinformatic
(CRGs) on

disease progression and the immune microenvironment in

death in neurological diseases. Li et al.
analysis to identify cuproptosis-related genes
acute spinal cord injury (ASCI) patients. Their results showed
that dihydrolipoamide dehydrogenase (DLD) affects the ASCI
immune microenvironment by promoting copper toxicity,
leading to increased peripheral M2 macrophage polarization
and systemic immunosuppression. In the second study, Shi
et al. demonstrated the underlying mechanisms of deep brain
stimulation (DBS) for treatment of refractory obsessive-compulsive
disorder (OCD).

In conclusion, ferroptosis plays important roles in various
neurological diseases and its pathological mechanism is
complicated. Ferroptosis differs from other apoptotic types
of cell pyroptosis, autophagy,

necroptosis, and ferroptosis), however, it also connects with

death (necrosis, apoptosis,
many physiological processes (apoptosis, autophagy, oxidative
stress, inflammation). This Research Topic comprehensively
discussed the underlying mechanisms and potential targets
of ferroptosis in each neurological disease, which provides
key insights for further study of ferroptosis in the central
nervous system.
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Bioinformatics analysis
constructs potential
ferroptosis-related ceRNA
network involved in the
formation of intracranial
aneurysm

Huaxin Zhu, Jiacong Tan, Zhihua Wang, Zhiwu Wu,
Wu Zhou, Zhixiong Zhang, Meihua Li* and Yeyu Zhao*

Department of Neurosurgery, The First Affiliated Hospital of Nanchang University, Nanchang,
Jiangxi, China

Background: Intracranial aneurysm (IA) causes more than 80% of
nontraumatic subarachnoid hemorrhages (SAHs). The mechanism of
ferroptosis involved in IA formation remains unclear. The roles played by
competitive endogenous RNA (ceRNA) regulation networks in many diseases
are becoming clearer. The goal of this study was to understand more fully the
ferroptosis-related ceRNA regulation network in [A.

Materials and methods: To identify differentially expressed genes (DEGs),
differentially expressed miRNAs (DEMs), and differentially expressed IncRNAs
(DELs) across |A and control samples, the GEO datasets GSE122897 and
GSE66239 were downloaded and analyzed with the aid of R. Ferroptosis
DEGs were discovered by exploring the DEGs of ferroptosis-related genes
of the ferroptosis database. Potentially interacting miRNAs and IncRNAs
were predicted using miRWalk and StarBase. Enrichment analysis was also
performed. We utilized the STRING database and Cytoscape software to
identify protein-protein interactions and networks. DAB-enhanced Prussian
blue staining was used to detect iron in |A tissues.

Results: Iron deposition was evident in IA tissue. In all, 30 ferroptosis
DEGs, 5 key DEMs, and 17 key DELs were screened out for constructing
a triple regulatory network. According to expression regulation of
DELs, DEMs, and DEGs, a hub triple regulatory network was built.
As the functions of IncRNAs are determined by their cellular location,
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PVT1-hsa-miR-4644-SLC39A14 ceRNA and DUXAP8-hsa-miR-378e/378f-
SLC2A3 ceRNA networks were constructed.

Conclusion: CeRNA (PVT1-hsa-miR-4644-SLC39A14 and DUXAP8-hsa-miR-
378e/378f-SLC2A3) overexpression networks associated with ferroptosis in IA

were established.

intracranial aneurysm, ferroptosis, ceRNA network, gene expression omnibus,
bioinformatics (genome and proteome) databases

Introduction

Intracranial aneurysm (IA) is a common cerebrovascular
disease, with an incidence of about 1-2%, and saccular aneurysm
is its most common type (Brown and Broderick, 2014; Etminan
and Rinkel, 2016). In the Chinese population aged 35-75 years,
the prevalence of IA is as high as 7% (Chen et al, 2018).
More than 80% of nontraumatic subarachnoid hemorrhages
(SAHs) are caused by IA rupture (Kassell et al., 1990; Koo et al.,
2022). Aneurysmal SAHs have high mortality and disability
rates, and are associated with devastating complications, such
as delayed cerebral ischemia, seizures, and cerebral vasospasm
(CVS), which can lead to poor prognosis and a heavy burden
on society (Chalouhi et al,, 2013; Chaudhry et al, 2021). IA
is currently thought to be related to many factors, including
age, hypertension, a genetic predisposition, hemodynamic
changes, and environmental factors (Kwon, 2019). Despite
decades of research on IA, the pathophysiological mechanisms
underlying aneurysm formation, progression, and rupture
remain unknown (Chalouhi et al., 2016; Pascale et al., 2020).

Stockwell was the first to propose the concept of ferroptosis,
a type of cell death that differs from apoptosis, necroptosis,
and autophagy (Dixon et al, 2012). Its occurrence has
specific characteristics and regulatory genes or proteins.
Morphologically, mitochondrial volume is reduced and
mitochondrial cristae are reduced or absent (Jang et al., 2021).
The inability to metabolize lipid peroxides reflects glutathione
depletion and diminished glutathione peroxidase-4 (GPX4)
activity, promoting ferroptosis (Imai et al., 2017). Immune cells
release pro-inflammatory mediators including high mobility
group protein Bl (HMGBI) when proteins with damage-
associated molecular patterns (DAMPs) are released (Wu et al,,
2021). The pathophysiology of cardiovascular disorders such
as cardiomyopathy, atherosclerosis, and abdominal aortic
aneurysms (AAAs) is complicated by ferroptosis (Sawada et al,,
2015; Chen et al., 2019; Fang et al., 2019; Ouyang et al., 2021).
HMGBI is highly expressed in IA walls, particularly in ruptured
IA tissue, and in patients with intracranial aneurysmal SAHs;
increased HMGBL1 levels are positively correlated with poor
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prognosis and cerebral vasospasm (Zhang et al., 2016; Chaudhry
et al,, 2018). However, the relationship between IA formation
and ferroptosis remains unclear, and more research is needed to
confirm the mechanism.

Non-coding RNAs, such as long non-coding RNAs
(IncRNAs), short microRNAs (miRNAs), and circular RNAs
(circRNAs), account for 95% of all eukaryotic RNAs (Hombach
and Kretz, 2016). MiRNAs are small RNA molecules of about
22 nucleotides that regulate gene expression by degrading
or inhibiting the transcription of target messenger RNA
(mRNA). The functions affected include cell proliferation,
differentiation, apoptosis, and disease onset and progression
(Bartel, 2004; Zhang et al., 2019; Wittstatt et al., 2020).
MiRNA-29a controls the mitochondrial apoptotic pathway,
while miRNA-513b-5p targets the COL1A1 and COLI1A2
proteins involved in IA formation and rupture (Zhao et al,
2018; Zheng et al, 2021). The IncRNAs are more than 200
nucleotides in length but do not have protein-coding capacity
(Wilusz, 2016). The aberrant expression of IncRNAs in IA
suggests a possible role in its pathogenesis, and various
studies have reported the importance of IncRNAs in IA (Li
et al.,, 2020; Pan W. et al., 2021; Pan Y. B. et al,, 2021). Both
miRNAs and IncRNAs also play critical roles in ferroptosis
regulation. The IncRNAs are longer than 200 nucleotides but
do not encode proteins. The IncRNA ZFAS1 promotes lung
fibroblast-to-myofibroblast transition and ferroptosis through
the miR-150-5p/SLC38A1 axis, whereas the IncRNA PVTI
controls ferroptosis through miR-214-mediated TFR1 and
p53 (Lu et al, 2020; Yang et al, 2020). However, ferroptosis
regulation by the IncRNA-miRNA-mRNA axis has rarely been
investigated in IA.

Thus, we used staining to confirm iron deposition in IA
and concluded that ferroptosis may be involved in IA onset
and progression. We compared IA and normal tissues; we
performed data mining and analysis to detect differentially
expressed genes (DEGs), differentially expressed miRNAs
(DEMs), and differentially expressed IncRNAs (DELs). An
important IncRNA-miRNA-mRNA axis was discovered by
constructing a ceRNA network using key DEGs, DEMs, and
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FIGURE 1

A flowchart showing how the IncRNA-miRNA-mRNA regulatory network of an intracranial aneurysm (IA) was constructed.

DELs. To better understand further the molecular causes of
IA, we built a possible ferroptosis IncRNA-miRNA-mRNA
regulation network.

Materials and methods

Superficial temporal artery and
intracranial aneurysm tissues

Intracranial aneurysm tissue was obtained from patients
undergoing surgical IA clipping, and STA tissue was obtained
from patients with brain trauma who underwent removal of
intracranial hematomas. All tissues were immediately fixed
with 4% (v/v) paraformaldehyde and embedded in paraffin.
All patients gave written informed consent prior to surgery.
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The First Affiliated Hospital of Nanchang University Ethics
Committee approved the work.

Diaminobenzidine-enhanced Prussian
blue staining

The Prussian Blue Iron Stain Kit, enhanced with
diaminobenzidine (DAB), was obtained from Beijing Solarbio
Science and Technology Co., Ltd. (Beijing, China). Paraffin
tissues were dewaxed and hydrated with xylene and ethanol. The
tissues were first exposed to Prussian blue for 30 min at 37°C,
and then to the DAB chromogenic solution for 15 min at 37°C;
they were counterstained for 5 min in hematoxylin staining
solution, rendered transparent using xylene, dehydrated
through graded ethanol baths, and mounted with neutral gum.
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FIGURE 2

Identification of ferroptosis-related differentially expressed genes (DEGs) in GSE122897 and detection of iron in tissues. (A) Volcano plot of
DEGs. (B) Venn diagram of ferroptosis DEGs. (C) Iron staining within superficial temporal artery (STA) and intracranial aneurysm (IA) tissues.

Data collection and preprocessing

Transcriptome information on IA patients was gathered
from the Gene Expression Omnibus (GEO database at https:
/[www.ncbinlm.nih.gov/geo/). IA-related datasets, GSE122897
and GSE66239, were downloaded from the GEO database
and included in the analysis. The GSE122897 dataset, which
contained 44 IA and 16 control samples, was used for expression
profiling. GSE66239 is a microRNA dataset that contained
7 IA and 10 control samples. The workflow is depicted in
Figure 1.

Differentially expressed gene, miRNA,
and long non-coding RNA analysis

R package DESeq2 (1.26.0: The R foundation, Vienna,
Austria) was used to analyze IA and control samples for
obtaining DEGs, DEMs, and DELs. DEGs and DELs were
obtained from GSE122897, while DEMs were obtained from
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GSE66239. Log2(FC) > 1.0 and P-value < 0.05 were
considered the thresholds for DEGs, DEMSs, and DELs.
The results were displayed using volcano plots. We also
used a dataset from the Ferroptosis database (FerrDb)! to
find ferroptosis DEGs by intersecting ferroptosis genes with
DEGs.

Functional and pathway enrichment
analyses

For the GO and KEGG enrichment analyses, the R
package clusterProfiler (3.14.3) was utilized. The findings were
downloaded using the R packages dplyr (version 1.0.7) and
ggplot2 (version 3.3.5). We uploaded the ferroptosis DEGs to
Metascape, an online tool for gene function annotation analysis
(Lietal,2014).2

1 http://www.zhounan.org/ferrdb/
2 https://metascape.org/
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TABLE 1 Ferroptosis differentially expressed genes (DEGs) of
intracranial aneurysm (lA).

Gene symbol Fold P-value Gene title
change
Upregulated genes
ABCCl1 1.14 <0.001 ATP binding cassette
subfamily C member 1
AQP3 1.03 0.013 Aquaporin 3
CDKN2A 1.40 0.031 Cyclin dependent kinase
inhibitor 2A
Cp 1.34 0.012 Ceruloplasmin
CXCL2 1.30 0.011 C-X-C motif chemokine
ligand 2
DDIT4 1.11 0.016 DNA damage inducible
transcript 4
HIFIA 1.02 0.017 Hypoxia inducible factor
1 subunit alpha
IL6 1.94 0.005 Interleukin 6
NNMT 1.38 0.013 Nicotinamide
N-methyltransferase
NOX4 1.12 0.035 NADPH oxidase 4
PLIN2 1.72 0.003 Perilipin 2
PTGS2 1.20 0.011 Prostaglandin-
endoperoxide synthase
2
RGS4 1.22 0.011 Regulator of G protein
signaling 4
SAT1 1.04 0.033 Spermidine/spermine
N1-acetyltransferase 1
SLC2A3 1.01 0.012 Solute carrier family 2
member 3
SLC39A14 1.32 0.007 Solute carrier family 39
member 14
TNFAIP3 1.49 0.004 TNF alpha induced
protein 3
VDR 1.53 0.028 Vitamin D receptor
VEGFA 1.31 0.019 Vascular endothelial
growth factor A
ZFP69B 1.01 0.003 ZFP69 zinc finger
protein B
Downregulated genes
AQP5 —1.98 0.022 Aquaporin 5
ATP6V1G2 —2.53 0.000 ATPase H+ transporting
V1 subunit G2
FNDC5 —1.05 0.031 Fibronectin type I1I
domain containing 5
GLS2 —1.06 0.010 Glutaminase 2
GPT2 —1.39 0.003 Glutamic-pyruvic
transaminase 2
MT3 —3.61 <0.001 Metallothionein 3
PRKCA —1.00 0.003 Protein kinase C alpha
PSAT1 —1.93 0.001 Phosphoserine
aminotransferase 1
SLC2A12 —2.34 <0.001 Solute carrier family 2
member 12
SLC7A11 —1.35 0.013 Solute carrier family 7

member 11
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TABLE 2 The ferroptosis differentially expressed genes (DEGs) were
divided into ferroptosis driver, suppressor, and marker.

Driver Suppressor Marker
NOX4, ABCCL, CP, VDR, SLC2A3, PTGS2,
SLC39A14, PLIN2, ENDCS5, CXCL2, MT3, VEGEFA,
TNFAIP3, SAT1, HIF1A, and RGS4, PSAT1, SLC2A12,
GLS2, CDKN2A, SLC7A11 GPT2, NNMT, DDIT4,

PRKCA, AQP5, ZFP69B, ATP6V1G2,
AQP3, and HIF1A IL6, and SLC7A11
IL6

Protein—protein interaction network
analysis

Using String (version 11.5)3, a PPI network for ferroptosis
DEGs was created. PPI networks and modules playing essential
roles in ferroptosis were further examined using Cytoscape
(version 3.8.2).

Gene-miRNA interaction networks

To determine the crucial miRNAs and to develop DEG-
miRNA interaction networks, we utilized miRWalk (version
3).4 To ensure the correctness of the results, we combined
the TargetScan and miRWalk results. Targeted miRNAs were
intersected with DEMs from GSE66240 to identify key miRNAs.
The DEG-miRNA network was visualized using Cytoscape.

MiRNA—-lncRNA interaction networks

Upstream IncRNAs for key miRNAs were identified using
StarBase (Li et al., 2014).> Potential IncRNAs were intersected
with DELs from GSE122897 to identify key IncRNAs. The key
DEGs, DEMs, and DELs worked together to construct the
triple regulatory network, and identified key ceRNAs through
their expression regulation. Target sites were predicted using
StarBase. DEL sequences were retrieved from LNCipedia®;
the IncLocator database’ was used to determine DEL cellular
localizations. The networks were visualized using Cytoscape.

Immunohistochemistry

Paraffin tissues were dewaxed and rehydrated, immersed
in EDTA solution (1 mM, pH 8.0), heated at 95°C for 1 h,

https://string-db.org
http://mirwalk.umm.uni- heidelberg.de/
https://starbase.sysu.edu.cn/
https://Incipedia.org

N o o MWW

http://www.csbio.sjtu.edu.cn/bioinf/IncLocator/
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FIGURE 3
Enrichment analysis and the protein—protein interaction (PPI) network of the ferroptosis DEGs. (A) Gene set enrichment analysis of Gene
Ontology biological process (GO-BP). (B) Gene set enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG). (C) Network and
bar chart of the enrichment results drawn by Metascape. (D) Construction of the PPI network. Navy-blue signifies downregulation and red
upregulation.

treated with 3% hydrogen peroxide, incubated with 10% goat
serum, and incubated overnight at 4°C using anti-SLC39A14
(Proteintech, Chicago, IL, USA) and anti-SLC2A3 (Affinity
Biosciences, Nanjing, China), respectively. After incubation,
slides were treated with biotinylated IgG and horseradish
peroxidase-labeled streptomycin, respectively. Finally, the slides
were stained with 3,3'-diaminobenzidine (DAB) and restained
with hematoxylin. Images were taken under a microscope
(ZEISS, Oberkochen, Germany).

Statistical analysis

R (version 4.1.0; the R foundation) was used for data
preprocessing; DEG, DEM, and DEL screening; and enrichment
analysis. Metascape was employed for functional annotation
analysis. String was used to identify PPI networks. Potential
miRNA and IncRNA interactions were mined using miRWalk
and StarBase, respectively. The networks were visualized using
Cytoscape. P < 0.05 was taken to indicate statistical significance.

Results

Ferroptosis differentially expressed
genes and iron in tissues

We recovered 1,667 DEGs of the GSE122897 dataset
based on a p-values 0.05 and | log2FC| > 1. Of these, 483
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evidenced upregulation and 1,184 downregulation (Figure 2A
and Supplementary Table 1). The ferroptosis database (FerrDb)
yielded 388 ferroptosis-related genes, which were overlapped
with GSE122897 genes to locate ferroptosis DEGs (Figure 2B);
20 upregulated and 10 downregulated genes were identified
(Table 1). Using the online FerrDb tool, the ferroptosis DEGs
were further classified as ferroptosis drivers, suppressors, and
markers (Table 2). DAB-enhanced Prussian blue staining
revealed greater iron deposition in IA tissues compared to STA
tissues (Figure 2C).

Enrichment analysis and
protein—protein interaction network
analysis of ferroptosis differentially
expressed genes

The biological functions of ferroptosis DEGs were
investigated using enrichment analysis employing the GO-BP
(Figure 3A) and KEGG (Figure 3B) gene sets (Supplementary
Table 2). Tissue remodeling, response to hypoxia, positive
regulation of the vascular endothelial growth factor receptor
signaling pathway, the response to decreased oxygen levels,
the response to oxygen levels, inflammatory cell apoptotic
processes, and reactive oxygen species metabolic processes
were all significantly activated on GO-BP enrichment analysis.
Ferroptosis and microRNAs may be involved in the IA process,
as revealed by KEGG pathway enrichment analysis. Enrichment
results drawn by Metascape were similar (Figure 3C). To create
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FIGURE 4

Construction of the triple regulatory network of differentially expressed IncRNAs (DELs), differentially expressed miRNAs (DEMs), and ferroptosis
DEGs. (A) The interaction network between ferroptosis DEGs and the targeted miRNAs. (B) Volcano plot of DEMs in GSE66240. (C) Venn
diagram of DEMs and potentially targeted miRNAs encoding ferroptosis DEGs. (D) Interaction network between the overlapped DEMs and the
ferroptosis DEGs. (E) Interaction network between the overlapped DEMs and the targeted IncRNAs. (F) Volcano plot for DELs of GSE122897.

(G) Venn diagram of DELs and the potentially targeted IncRNAs of the overlapped DELs. (H) Interaction network of the overlapped DELs and
DEMs. (1) Triple regulatory network of the overlapped DELs, overlapped DEMs, and ferroptosis DEGs. MiRNAs are represented by ellipses, mRNAs
by rectangles, and IncRNAs by diamonds. Navy-blue signifies downregulation and red upregulation.
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TABLE 3 Overlapped DEMs.

miRNA ID Fold change P-value
hsa-miR-143-3p —1.53 0.040
hsa-miR-143-5p —3.10 0.003
hsa-miR-378e —1.44 0.035
hsa-miR-378f —1.09 0.021
hsa-miR-4644 —1.95 0.008
DELs, differentially expressed miRNAs.

TABLE 4 Overlapped DELs.

IncRNA ID Fold change P-value
LINC00313 1.14 0.044
LINC00943 -1.73 0.037
DUXAPS8 3.02 <0.001
DNAJC27-AS1 -1.38 0.002
AL391244.1 —1.86 0.026
FAM30A 2.01 0.028
AC007405.3 —1.98 0.001
CDKN2B-AS1 1.17 0.028
AC106038.1 —1.12 0.050
PVT1 1.31 0.002
AP000866.2 —1.02 0.033
SLC25A21-AS1 —-1.59 0.003
AL356017.1 -115 0.008
AC015712.2 1.22 0.018
AC106820.4 —2.33 0.007
AC092384.3 —1.39 0.050
AC011476.2 1.69 0.039

DELSs, differentially expressed IncRNAs.

PPI networks, all ferroptosis DEGs were entered into the String
database. The results were downloaded and visualized using
Cytoscape (Figure 3D).

Further miRNA interactions and mining

Using miRWalk 2.0 software, we screened 30 ferroptosis
DEGs and performed DEG-miRNA analysis. To assure the
correctness of the results, crosslinked miRNAs were chosen
from the miRWalk and TargetScan databases. Seventeen DEGs
and 66 potential miRNA were mined and the network was
constructed (Figure 4A and Supplementary Table 3). Based on
a p-value < 0.05 and | logoFC| > 1, 439 DEMs were screened
from the GSE66240 dataset, including 55 upregulated and 384
downregulated DEMs (Figure 4B and Supplementary Table 4).
Sixty-six mining miRNAs were intersected with DEMs from
GSE66240 to identify key miRNAs (Figure 4C). Five overlapped
miRNAs were selected (Table 3), and the network was
constructed with ferroptosis DEGs (Figure 4D).
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Further long non-coding RNA
interactions and mining

Potential IncRNAs interacting with five key DEMs were
screened using Starbase. A network of 570 IncRNAs interacted
with five key DEMs (Figure 4E and Supplementary Table 5).
Based on a p-value < 0.05 and | log; FC| > 1, 346 DELs were
screened from the GSE122897 dataset, including 109 that were
upregulated and 237 that were downregulated (Figure 4F and
Supplementary Table 6). A total of 254 mining IncRNAs were
intersected with DELs from GSE122897 (Figure 4G). Seventeen
overlapped IncRNAs were selected (Table 4), and the network
was constructed using key DEMs (Figure 4H).

Construction of the competitive
endogenous RNA network

In all, 17 overlapped DELs, three overlapped DEMs, and six
DEGs were screened to construct a triple regulatory network
(Figure 4I). According to expression regulation of DELs, DEMs,
and DEGs, a hub triple regulatory network was built using
four DELs, three DEMs, and two DEGs (Figure 5G). The areas
under the curves (AUCs) for three DELs (PVT1, DUXAPS,
and CDKN2B-AS1), three DEMs (hsa-miR-4644, hsa-miR-378e,
and hsa-miR-378f), and two DEGs (SLC39A14 and SLC2A3)
surpassed 0.7 for all included genes (Figures 5A-C). The
expression levels of DELs, DEMs, and DEGs from the triple
regulatory network are shown in Figures 5D-F.

The subcellular localization of the four DELs was
investigated using IncLocator because the cellular localizations
of IncRNAs determine their functions. The remaining two
IncRNAs (LINCO00313 and CDKN2B-AS1) were present
principally in the nucleus, whereas PVT1 and DUXAPS8 were
largely confined to the cytoplasm (Figure 6A). These findings
suggest that PVT1 and DUXAP8 may serve as ceRNAs that
improve SLC39A14 and SLC2A3 expression, respectively.
Thus, PVT1-hsa-miR-4644-SLC39A14 ceRNA (Figure 6B) and
DUXAP8-hsa-miR-378e/378f-SLC2A3 ceRNA (Figure 6D)
networks were constructed. The target sites in the PVT1 and
SLC39A14 were predicted to pair with hsa-miR-4644 using
StarBase (Figure 6C). Base pairing between hsa-miR-378e/378f,
PVTI1, and SLC39A14 were also predicted using StarBase
(Figure 6E). Immunohistochemistry showed that SLC39A14
(Figure 6F) and SLC2A3 (Figure 6G) were significantly
increased in IA tissue.

Discussion

On the one hand, bioinformatic analyses revealed abnormal
expression of ferroptosis-related genes in IA; on the other hand,
we found obvious iron deposition in IA tissue samples. This is
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Construction of the key triple regulatory network. ROC analysis of DELs (A), DEMs (B), and DEGs (C). The expression levels of DEGs (D), DEMs
(E), and DELs (F). (G) The key triple regulatory network components identified by regulation of their expression. MiRNAs are represented by
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the first time that IA has been associated with ferroptosis by
combined analysis of bioinformatics and pathological samples.
We then constructed potential ceRNA regulatory networks
using various approaches, providing a possible molecular basis
for regulation by ferroptosis of IA formation.

Worldwide, cardiovascular illnesses continue to be the
major cause of death. Among them, aneurysms are considered
silent killers, and the gravity of their consequences should not
be underestimated (Chung et al., 2021). IA is the most common
cause of SAH; the multiple pathophysiological alterations that
develop after SAH frequently cause irreparable brain damage,
complications, and death (Brouwers et al,, 1993; Macdonald
and Schweizer, 2017; Petridis et al,, 2017). Although different
treatment options for IA patients have been implemented, most
focus on IA development or rupture; they do seek to prevent IA
(Arena et al, 2017). A focus on IA formation, progression, and
prevention (rather than the molecular mechanisms underlying
pathogenesis) may be more beneficial for patients. Many
cardiovascular disorders, including atherosclerosis, abdominal
aortic aneurysms, and hypertension, are linked to the ceRNA
regulatory network (Cai et al.,, 2020; Yu X. H. et al., 2020; Zhang
et al,, 2020). Few studies, however, have sought a whole-ceRNA
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regulation network for IA. As a result, the goal of this study
was to create a ferroptosis-related ceRNA triple network for IA.
Although there is growing evidence that ferroptosis functions as
a regulator in several cardiovascular disorders, any involvement
in IA remains unknown.

In this study, IA-related DEGs, DEMs, and DELs were
first analyzed from the GEO database using bioinformatic
techniques, and 30 ferroptosis-related DEGs were extracted by
intersecting DEGs with ferroptosis genes. The PPI network
evidenced correlations among ferroptosis-related DEGs. DAB-
enhanced Prussian blue staining revealed iron deposition in IA
tissues, confirming that ferroptosis may play an important role
in IA. Then, the screened ferroptosis-related DEGs, key DEMs,
and key DELs were constructed into triple networks, and four
DELs, three DEMs, and two DEGs built the hub regulatory
networks based on the expression regulation. Finally, this
hub regulatory network was subjected to ROC and expression
analyses. As the linkages of the ceRNA network are active only
in the cytoplasm, we performed subcellular localization analyses
of the three IncRNAs in the network. In conclusion, the IA
ferroptosis ceRNA networks PVT1-hsa-miR-4644-SLC39A14
and DUXAP8-hsa-miR-378¢/378f-SLC2A3 were discovered.
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Construction of the ceRNA network. (A) The cellular localizations of four DELs (PVT1, DUXAPS8, LINC00313, and CDKN2B-AS1). (B) A schematic
of ceRNA (PVT1-hsa-miR-4644-SLC39A14). (C) Base pairing between hsa-miR-4644, PVT1, and SLC39A14 as predicted by StarBase. (D) A
schematic of ceRNA (DUXAP8-hsa-miR-378e/378f-SLC2A13). (E) Base pairing between hsa-miR-378e/378f, PVT1, and SLC39A14 as predicted
by StarBase. (F) Expression of SLC39A14 in STA and IA tissue. (G) Expression of SLC2A3 in STA and IA tissue.

During ferroptosis, oxygen molecules are added to lipids,
usually to the polyunsaturated fatty acyl tails of phospholipids,
leading to cell death (Hirschhorn and Stockwell, 2019). A variety
of diseases have been linked to lipid peroxidation, which,
commonly damages the unsaturated lipid moieties of cell
membranes and lipoproteins (Romero et al., 1998; Barrera et al.,
2008). The reactive oxygen species metabolic pathway played
a key role in our function enrichment study. The first stage in
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IA development is

endothelial dysfunction, followed by VSMC

phenotypic alteration, extracellular matrix remodeling, and cell
death, in turn triggering vascular degeneration, dilatation, and
rupture (Starke et al,, 2013). Numerous studies have linked
inflammation to IA emergence, growth, and rupture (Chalouhi

et al., 2012; Hasan

et al,, 2012). Oxidative stress, attributable to

increased free radical formation and/or decreased free radical
scavenging, triggers endothelial dysfunction, immune cell
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infiltration, and VSMC proliferation and migration (Griendling
and FitzGerald, 2003; Canes et al, 2021). After pyuvate
kinase muscle isozyme 2 activation and lipid peroxidation, T
lymphocyte-derived extracellular vesicles exacerbate abdominal
aortic aneurysms (Dang et al,, 2022). Numerous studies have
found that smoking is an independent risk factor for IA,
and cigarette extract specifically-triggered ferroptosis of VSMC
raises the possibility that ferroptosis may contribute to the
pathogenesis of aneurysms (Meschia et al,, 2014; Bakker et al,,
2020; Sampilvanjil et al, 2020). Few previous studies have
investigated the role of ferroptosis in IA. We used bioinformatic
analyses and tissue staining to discover abnormal expression
of ferroptosis-related genes and iron deposition in IA tissues;
ferroptosis seems to play an important role in IA.

We identified two ceRNA networks, PVT1-hsa-miR-4644-
SLC39A14 and DUXAPS8-hsa-miR-378e/378f-SLC2A3, which
may be implicated in the IA disease process. And we verified
the expression of SLC39A14 and SLC2A3 in IA by IHC, which
further ensured the reliability and accuracy of the results.

SLC39A14, also known as ZIP4, is an important metal
transporter that plays an important role in the regulation of
metal ions such as manganese (Winslow et al,, 2020). Increased
levels of SLC39A14 protein on the cell membrane contribute
to unstable iron accumulation in skeletal muscles, which in
turn lead to the activation of ferroptosis (Ding et al.,, 2021).
Decreased SLC39A14 expression in liver significantly reduces
iron accumulation, thereby reducing liver fibrosis mediated
by ferroptosis (Yu Y. et al, 2020). These results imply that
SLC39A14 may also be crucial in terms of iron control.
Although plasmacytoma variant translocation 1 (PVTI) is
recognized as an oncogene involved in carcinogenesis, the
gene also plays a role in ferroptosis control (Bohosova et al,
2021; He Y. et al,, 2021). PVT1 controls ferroptosis associated
with cerebral ischemia/reperfusion (I/R) via miR-214-mediated
regulation of TFR1 and TP53 expression, while ketamine
regulates ferroptosis in hepatoma cells via IncRNA PVT1 (Lu
et al,, 2020; He G. N. et al, 2021). Hsa-miR-4644 acts as a
potential interacting miRNA for SLC39A14 and PVT1; the
PVTI1-hsa-miR-4644-SLC39A14 ceRNA network may serve as
a potential regulatory axis for ferroptosis.

Glucose transmembrane transport are performed by
SLC2A3, a membrane transporter that belongs to the solute
carrier family (Gao et al,, 2021). Lymphoid-specific helicase
can inhibit ferroptosis in lung cancer cells, and LSH knockout
decreases SLC2A3 and induces ferroptosis, which implies that
SLC2A3 may be involved in inhibiting ferroptosis (Jiang et al,,
2017). Double homeobox A pseudogene 8 (DUXAPS), as a
novel, long noncoding RNA, is associated with a number of
cancers, including liver, colorectal, bladder, oral, ovarian, lung,
and pancreatic tumors (Xue et al,, 2021). However, it is rarely
studied in ferroptosis and, whether the DUXAPS8-hsa-miR-
378e/378f-SLC2A3 ceRNA network we constructed is involved
in the regulation of ferroptosis, remains to be verified.
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Although the ceRNA-based PVT1/SLC39A14 and
DUXAP8/SLC2A3 axes appear to be potential ferroptosis-
regulating axes in IA, our work had certain limitations. First,
experimental data on the binding affinities of IncRNAs,
miRNAs, and mRNAs identified in the
required. Second, further research is required to confirm
the functions and modes of action of the PVT1/SLC39A14 and
DUXAP8/SLC2A3 axes in IA.

databases are

Conclusion

In summary, we constructed two ceRNA pathways (PVT1-
hsa-miR-4644-SLC39A14 and DUXAP8-hsa-miR-378¢/378f-
SLC2A3) using IA information; both are potentially linked
to ferroptosis. We hope that our findings will aid future in-
depth research.
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Ferroptosis is a newly discovered way of programmed cell death, mainly
caused by the accumulation of iron-dependent lipid peroxides in cells,
which is morphologically, biochemically and genetically different from the
previously reported apoptosis, necrosis and autophagy. Studies have found
that ferroptosis plays a key role in the occurrence and development of
neurodegenerative diseases, such as Alzheimer's disease, Parkinson’s disease
and vascular dementia, which suggest that ferroptosis may be involved in
regulating the progression of neurodegenerative diseases. At present, on the
underlying mechanism of ferroptosis in neurodegenerative diseases is still
unclear, and relevant research is urgently needed to clarify the regulatory
mechanism and provide the possibility for the development of agents targeting
ferroptosis. This review focused on the regulatory mechanism of ferroptosis
and its various effects in neurodegenerative diseases, in order to provide
reference for the research on ferroptosis in neurodegenerative diseases.

KEYWORDS

ferroptosis, iron, Alzheimer’s disease, neurodegenerative diseases, treatment

Introduction

Iron is involved in oxygen transport and cellular respiration, DNA synthesis and cell
division, cellular metabolism and neurotransmission, which are essential for maintaining
the body’s function and daily metabolism. The ability of iron to circulate in an oxidative
state in the body is fundamental to its biological function, and excess iron can lead
to oxidative stress damage to biomolecules, as well as cellular dysfunction. However,
with the increase of age, the accumulated iron in the brain will increase the risks of
neurodegenerative diseases (Belaidi and Bush, 2016; Eid et al., 2017).

Ferroptosis is an iron-dependent, novel cell death mode, which is significantly
different from apoptosis, cell necrosis and autophagy. The main mechanism is that
under the action of ferrous iron or lipoxygenase, iron catalyzes liposomal peroxidation of
highly expressed unsaturated fatty acids on cell membranes, thereby inducing cell death
(Dixon et al., 2012; Nikseresht et al., 2019). The morphological features of ferroptosis are
mitochondrial atrophy, increased bilayer membrane density, and loss of mitochondrial
inner membrane cristae, with the intact cell membrane remaining and the normal size

frontiersin.org
20


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2022.1005182
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2022.1005182&domain=pdf&date_stamp=2022-10-27
mailto:zhuhaohao233@163.com
mailto:zhouzh@njmu.edu.cn
mailto:jiangying911010@163.com
https://doi.org/10.3389/fncel.2022.1005182
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fncel.2022.1005182/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Jietal

of the nucleus, as well as no chromatin condensation (Alborzinia
et al.,, 2018; Ou et al,, 2022). Numerous studies have shown
that ferroptosis is also related to a reduction in the expression
of glutathione and glutathione peroxidase 4 (GPX4) in the
antioxidant system of cells (Zhan et al., 2022; Zhao et al., 2022;
Zhu et al,, 2022). Lipid peroxides cannot be metabolized by the
reduction reaction catalyzed by GPX4, and lipids are oxidized
by ferrous iron in Fenton reaction to generate a large amount
of reactive oxygen species to promote ferroptosis (Alborzinia
et al,, 2018; Torii, 2018; He et al., 2020). Therefore, the essence
of ferroptosis is the metabolic disorder of intracellular lipid
oxides, which are then abnormally metabolized under the
catalysis of iron ions to produce a large amount of lipids to
destroy the intracellular redox balance and attack biological
macromolecules, triggering programmed cell death (Figure 1).
In recent years, studies have found that ferroptosis plays
an extremely important role in neurodegenerative diseases with
a common regulatory mechanism. This review will focus on

10.3389/fncel.2022.1005182

ferroptosis and neurodegenerative diseases, such as Alzheimer’s
disease (AD), vascular dementia (VD), Parkinson’s disease (PD),
Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS)
and traumatic brain injury (TBI), as well as the potential
therapeutic effects of targeting ferroptosis (Table 1).

Mechanisms of ferroptosis

Transport and storage of iron in the brain

The neuronal iron metabolism related protein, TfR1
(transferrin receptor protein 1), is highly expressed on the
surface of neurons (Giometto et al., 1990). Similar to BMECs,
iron enters neurons through clathrin-mediated phagocytosis of
holo-Tf/TfR1, and exits endosomes in the form of reduced Fe2+
through DMT1 (Burdo et al., 2001). NTBI (Non-transferrin-
bound iron) can also enter neurons independently of Tf in
a DMTI1 (Divalent metal transporter 1)-dependent manner.
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FIGURE 1

Regulation mechanisms of ferroptosis. The System Xc- is a heterodimeric amino acid transporter composed of two subunits (SLC7Alland
SLC3A2). Under oxidative conditions, System Xc-extracellular uptake of cystine to release glutamate. The cellular cystine will be reduced to
cysteine. Cysteine is gradually produced by y-GCS and GSS. The GSH molecules of GPX4 act as electron donor to reduce phospholipid
hydrogen peroxide (PL-OOH) to the corresponding alcohol. NADPH can also reduce GSSG (oxidized GSH) to GSH by glutathione reductase. The
extracellular iron will be mediated by transferrin and TfR1 into the cell. Then Fe3+ is reduced to Fe2+, and Fe2+ will be transported to the
dynamics iron pool, as well as stored in ferritin. In the presence of Fe2+, hydrogen peroxide can generate hydroxyl radicals (OH-) through the
fenton reaction, thereby promoting the oxidation of AA/AdA on the cell membrane. ACSL4 incorporates AA/AdA into the membrane as
AA/AdA-CoA, and LPCAT3 inserts the acyl group into the lysophospholipid as PE-AA/AdA, of which will lead to the accumulation of PE-
AA/AdA-OOH.
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TABLE 1 Targeting ferroptosis for the potential treatment of neurodegenerative diseases.

Diseases  Types Name Potential mechanism
AD Iron chelators DFO Improve the excretion of iron, reduce the content of iron in the body and its pathological
DFP deposition in various organs
Quinoline derivatives Clioquinol Downregulate the expression of £ and y secretases and APP in the brain, degrade oligomeric tau
and reduce tau tangles
Antioxidants Vitamin E Reduce lipid peroxidation and attenuate iron morphology
a-LA Block iron overload, lipid peroxidation and inflammation
Se-containing compounds Upregulate GPX4 to inhibit iron toxicity
Fer-1 Inhibit ROS levels and downregulate Nrf2 and GPX4
Hepcidin Hepcidin Inhibit FPN1, TfR1 and DMTT1 to reduce neuronal iron uptake and release
GBH GBH Inhibit lipid peroxidation and restore the expression of ferritin GPX4, HO-1, COX-2 altered by
RSL3
VD Antioxidants Fer-1 Inhibit ROS levels and downregulate Nrf2 and GPX4
Thiazolidinedione ROSI Inhibits ACSL4 activity, reduce lipid peroxidation and oxidative stress
PD Iron chelator DFP Reduce oxidative stress and increase dopamine activity
Quinoline derivatives Clioquinol Chelate iron and antioxidant
HD Iron chelator DFO Improve the excretion of iron, reduce the content of iron in the body and its pathological
deposition in various organs
Antioxidant Fer-1 Inhibit oxidative lipid damage
TBI Iron chelators DFO Reduce the iron overload, and relieve acute oxidative brain injury
HBED

Ferroptosis inhibitor Liproxstatin-1

Reduce cerebral edema and blood-brain barrier permeability

Prion protein (PrPC), as the ferroreductase partner of DMT1,
mediates the uptake of PrPc/DMT1 in the plasma membrane
in the form of a complex of iron ions (Shih et al., 2003;
Tripathi et al., 2015). Brain iron deficiency and increased holo-
Tf uptake can be found in PrPC knockout mice (Singh, 2014).
In the brain, divalent iron ions are normally metabolized in
the neuronal cytoplasm, and stored in ferritin in the form of
trivalent iron ions. When neurons are iron deficient, ferritin
can be degraded by lysosomes, releasing stored iron to meet
the normal physiological needs of neurons (Connor et al,
1992; Mancias et al., 2014; Raha et al, 2022). Studies have
shown that ferritin in the brain increases with age (Belaidi
et al, 2018), which is positively correlated with cognitive
dysfunction. The etiology of cognitive dysfunction in the elderly
is closely related to the iron overload. Iron homeostasis can
also be regulated at the translation level. Iron regulatory protein
2 (IRP2), an RNA binding protein, controls the translation
of a group of mRNAs involved in iron homeostasis. In the
untranslated regions (UTRs) of genes encoding a variety of
iron regulatory molecules (including DMT1 and TFR1), the
IRP1 and IRP2 bind to the iron response elements (IREs).
In an iron-deficient state, the combination of IRP2 and IREs
can maximize intracellular iron levels. When the iron content
increases, the extracellular iron regulatory pathway (IRE/IRP
system) will be activated to weaken the iron overload state
(Rouault, 2006; Sanchez et al., 2007; Hentze et al., 2010). In
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addition, nuclear receptor coactivator 4 (NCOA4) can degrade
ferritin to mediate iron autophagy, and release free iron in
the process, which can also lead to an increase in intracellular
Fe2+ and ferroptosis (Li W. Y. et al, 2021). Iron-responsive
element-binding protein 2 (IREB2) is a regulator of iron
metabolism, which can up-regulate the expression of ferritin
light chain and ferritin heavy chain in the cytoplasm during iron
metabolism, and alleviate erastin-induced ferroptosis (Mishima,
2022). Nuclear factor E2-related factor 2 (Nrf2) can reduce
the expression of TfRI1, regulate iron metabolism, maintain
the balance of intracellular iron homeostasis, and limit the
production of reactive oxygen species (ROS), thereby reducing
ferroptosis (Li S. W. et al., 2021).

The role of the glutamate/cysteine
antiporter in ferroptosis

Cystine uptake by the glutamate/cysteine antiporter (System
Xc-), including a 12-pass transmembrane protein transporter
solute carrier family 7 member 11 (SLC7AI11) and a single-
channel transmembrane regulatory protein solute carrier family
3 member 2 (SLC3A2), is inhibited in ferroptosis (Dixon
et al, 2012). Thus, inhibition of the System Xc- results
in the depletion of intracellular cysteine (Ma et al, 2021).
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Cysteine plays an important role in the biosynthesis of
glutathione (GSH). GSH, as a substrate of GPX4, is required
for its lipid repair function. GSH depletion through cysteine
starvation results in the loss of GPX4 activity, as well as the
accumulation of unrepaired lipid peroxides and iron toxicity
(Angeli et al, 2014). GPX4 converts reduced glutathione
to oxidized glutathione (GSSG) to reduce lipid hydrogen
peroxide to the corresponding alcohol or free hydrogen peroxide
to water (Gaschler et al, 2018). Selenium (Se) is a key
regulator of GPX4 activity. Wild-type GPX4 containing Se
can effectively reduce peroxides to the corresponding alcohols,
thereby preventing ferroptosis (Ingold et al, 2018). GSH
is also a natural ligand for Fe2+ in the labile iron pool
(LIP), which is an exchange pool for loosely ligated iron in
neurons (Hider and Kong, 2011), and glutathione binds Fe2+
in LIP to prevent iron oxidation, which not onlymaintains
Fe2+ solubility but also prevents Fe2+ from acting as a
catalyst to generate a potent oxidant, hydroxyl radical, from
physiologically available hydrogen. Therefore, direct inhibition
of GSH synthesis triggers ferroptosis.

The role of lipid peroxidation in
ferroptosis

Lipid metabolism is also closely related to ferroptosis.
Nitrogen oxides (NOXs) provide a source of accumulation
of ROS in erastin-induced iron sickness, and it has been
reported to modulate the sensitivity of tumor cells to erastin
(Dixon et al, 2012). On the other hand, the production
of membrane lipid peroxidation is also a source of ROS,
which drives iron toxicity. The abundance and location of
polyunsaturated fatty acids (PUFAs) determine the degree
of lipid peroxidation that occurs in cells, and lead to
ferroptosis. The most susceptible lipids are phospholipids
containing polyunsaturated fatty acids (PUFA-PLs), which
can lead to subsequent cell death (Doll et al, 2017). Free
PUFAs need to be esterified to form membrane phospholipids
and oxidized to iron ion signals to synthesize lipid signals,
especially phospholipids containing phosphatidylethanolamine
(PE) and arachidonic acid or epinephrine moieties (Kagan
et al, 2017). In the membrane lipid environment, PUFAs
are specifically peroxidized in iron toxicity (Doll et al,
2017; Kagan et al, 2017). There are three main classes
of lipid oxidases: cyclooxygenases (cox), cytochrome p450s
(CYPs), and lipid oxidases (LOXs), of which LOX enzymes
have been found to be most important for ferroptosis.
LOXs are a class of non-heme iron-containing enzymes
that catalyze the deoxygenation of PUFAs (Shintoku et al,
2017).
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Relationship between ferroptosis
and neurodegenerative diseases

AD

In addition to B-amylase deposition and accumulation of
intracellular neurofibrillary tangles (NFTs) composed of tau
proteins, abnormal deposition of iron in the brain is a common
feature of AD. The effects of iron on AD have been attributed to
its interaction with AD pathological central proteins (amyloid
precursor protein and tau protein) and/or through iron-
mediated generation of prooxidative molecules such as hydroxyl
radicals. However, the source of iron accumulation in brain
pathologically relevant regions and its contribution to AD
remain unclear. The potential reason for iron accumulation
is that senescent cells within tissues increase with age, and
these cells trigger inflammation and contribute to various
pathologies associated with aging. The accumulation of iron
makes aging tissues susceptible to oxidative stress, leading to
cellular dysfunction and ferroptosis. In addition, elevated brain
iron levels are associated with AD progression and cognitive
decline. Elevated brain iron levels, a hallmark of AD, can be
pharmacologically modulated to mitigate the effects of age-
related dysregulation of iron balance and improve disease
outcomes (Masaldan et al., 2019a).

A meta-analysis involving 300 AD cases in 19 studies
reported that iron levels were significantly elevated in multiple
regions of the cerebral cortex, although iron levels varied
across regions and studies (Tao et al., 2014). Iron accumulation
may be detrimental, as elevation of iron itself may lead to
neurodegeneration (Schneider et al.,, 2012), possibly by inducing
oxidative stress and ferroptosis (Stockwell et al., 2017). High
brain iron levels, cerebrospinal fluid ferritin (Ayton et al,
2015, 2017a), and quantitative susceptibility maps have been
found to have the potential to predict AD clinical severity and
cognitive decline (Ayton et al.,, 2017b). The relationship between
postmortem brain iron levels and AD clinical and pathological
diagnosis, severity, and rate of cognitive decline in the 12 years
preceding death was also investigated in 209 AD patients. It
was found that the iron content in the brains of AD patients
was significantly increased, and it was significantly related
to cognitive function. Therefore, cortical iron may contribute
to the deterioration of cognitive function in AD underlying
proteinopathies by inducing oxidative stress or ferroptosis, or
by being associated with inflammatory responses (Ayton et al.,
2020). Another study found that iron deposition in the frontal
lobe, parietal lobe, temporal lobe, caudate nucleus, putamen,
globus pallidus, cingulate cortex, amygdala, and hippocampus
of AD patients was higher than that of healthy controls (Tao
et al,, 2014), and histological differences in the intensity of iron
accumulation in the frontal cortex of AD subtypes can be used
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not only to distinguish sporadic (late-onset) from familial (early-
onset) (Bulk et al., 2018a), but also to correlate with disease
severity (van Duijn et al., 2017; Bulk et al., 2018b).

The accumulation of iron has been proven to accelerate
the deposition of senile plaques and the generation of
neurofibrillary tangles (Becerril-Ortega et al., 2014; Kim et al,,
2018). Autopsy evidence and MRI analysis provide evidence that
there was substantial iron deposition not only in senile plaques
(James et al., 2017), but also at sites of cortical tau protein
accumulation (Spotorno et al, 2020), suggesting a potential
interaction of iron with senile plaques and neurofibrillary
tangles. Perturbation of iron homeostasis is one of the key
factors in AP deposition. High intracellular iron concentration
enhances the IRP/IRE interaction and induces upregulation
of APP. The enzymes that cleave APP are called a- and B-
secretases, which are tightly balanced and regulated by furin
(Silvestri and Camaschella, 2008; Guillemot et al.,, 2013). In
the presence of iron excess, more [-secretase is activated
when a-secretase is inhibited by furin injury (Silvestri and
Camaschella, 2008). Up-regulated APP is cleaved by more B-
secretase AP40/42, accelerating AP deposition. At the same
time, the application can no longer assist FPNI, resulting in
impaired iron efflux and aggravated iron deposition (Ward
et al, 2014). It was suggested that in the absence of redox
metals, A} is nontoxic, and the aggregation of Af3 requires
the participation of metals (Li et al, 2013; Belaidi and
Bush, 2016). Soluble Af3 binds to Fe3+ when extracellular
iron increases, removing excess iron, but it is difficult to
separate after interaction. Af3 can promote the reduction
of Fe3+ to Fe2+, and ROS released in the process make
Afl easily and rapidly to deposit and form more senile
plaques (Ha et al, 2007). The interaction of iron with
APP and Af3 greatly increased the rate and extent of senile
plaque formation (Rottkamp et al, 2001). Therefore, iron
deposition could be included in the “Af cascade hypothesis”
of AD (Peters et al., 2018). Iron can also interact with tau
protein. Decreased soluble tau protein in the brains of AD
patients increases cerebral iron deposition by inhibiting FPN1
activity (Lei et al, 2012). Conversely, high-iron diet led to
cognitive decline in mice, abnormally increased neuronal tau
phosphorylation, and abnormal expression of insulin pathway-
related proteins. Insulin supplementation reduces iron-induced
tau phosphorylation (Wan et al.,, 2019), suggesting that iron
deposition may lead to tau hyperphosphorylation by interfering
with insulin signaling. In vivo studies have found that iron
can participate in tau hyperphosphorylation by activating the
cyclin-dependent kinase 5 (CDKS5)/P25 complex and glycogen
synthase kinase 3B (GSK-38) (Guo et al, 2013). Excessive
intracellular Fe2+-induced generation of oxygen free radicals
can also promote tau hyperphosphorylation by activating
extracellular signal-regulated kinase 1/2 (Erk1/2) or mitogen-
activated protein kinase (MAPK) signaling pathways (Chan and
Shea, 2006; Munoz et al., 2006).
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Glial activation and neuroinflammation have been shown
to be prominent features of AD pathology (Newcombe et al.,
2018; Leng and Edison, 2021). Microglia are highly responsive
cells that respond to increased iron levels in the brain. When
iron levels are elevated in the brain, microglia are activated
(Meng et al, 2017) with increased volume and decreased
length (Rathnasamy et al.,, 2013; Donley et al., 2021). Iron may
activate microglia via nuclear factor-kb (NF-KB)-mediated pro-
inflammatory cytokines (Meng et al., 2017). Upon activation,
more ferritin will be expressed to remove extracellular iron
(Streit et al, 2022), leading to intracellular iron retention
(Kenkhuis et al., 2021), increased TNFa expression (Holland
et al, 2018), and eventual infiltration as a f-plaque (Peters
et al., 2018; Kenkhuis et al., 2021). It can also interact with
APP to promote the formation of AP (Tsatsanis et al., 2021).
Conversely, in an environment with elevated iron levels, A3
formation leads to increased IL-188 expression in microglia,
exacerbating pro-inflammatory effects (Nnah et al, 2020).
Astrocytes are highly resistant to metal-induced toxicity in
the brain (Kress et al., 2002), serving as a key cell type for
maintaining the homeostasis of the extracellular environment
and supporting normal neuronal function (Abbott et al., 2006).
Under the high-iron environment, the levels of glutathione,
catalase, and manganese superoxide dismutase are significantly
elevated in astrocytes to counteract oxidative stress (Iwata-
Ichikawa et al., 1999; Shih et al., 2003). However, astrocytes
were found to be activated by increased glial fibrillary acidic
protein (GFAP) (Kress et al, 2002). Activated astrocytes
release inflammatory mediators, induce oxidative stress, and
promote the formation of Aff and tau tangles, hindering Af3
clearance (Dolotov et al., 2022).

Abnormal expression of GPX4 mRNA and its protein levels
was found in AD patients and mouse brains (Yoo et al., 2012; da
Rocha et al.,, 2018). In glial cells, mild hypoxia can reduce the
level of GSH, which is used for GPX4 biosynthesis (Makarov
et al,, 2006). In a mouse model of AD, GSH expression was
reduced in the cortex and positively correlated with cognitive
decline (Karelson et al., 2001). GSH levels in the frontal lobe
and hippocampus may serve as biomarkers for predicting AD
and mild cognitive impairment (Karelson et al., 2001; Ayton
et al, 2020). xCT activity determines GSH availability, and
subsequent GPX4 activity in the brain (Ashraf et al., 2020).
Furthermore, studies have found that most of the proteins
involved in ferroptosis can be regulated by Nrf2 (Habib et al.,
2015; Lane et al., 2021). The genes of interest included FPN1,
GSH and SLC7A11 encoding xCT. The level of Nrf2 in the
brain decreases with age, as well as in AD patients (Osama
et al., 2020), so the brain of AD patients is more prone to
ferroptosis (Habib et al., 2015). GPX4 expression has been
reported to be reduced in both AD mouse models and AD
patient brains (Ansari and Scheff, 2010; Yoo et al., 2010). GPX4
knockout mice were shown to have significant hippocampal
neuronal loss and cognitive impairment (Yoo et al., 2010;
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Hambright et al., 2017). A diet deficient in vitamin E, an
antioxidant with anti-ferroptosis activity, simultaneously results
in hippocampal neurodegeneration and worsens behavioral
dysfunction; the ferroptosis inhibitor liproxstatin 1 improves
cognitive function and neurodegeneration in mice (Hambright
et al,, 2017). In addition to animal models, autopsy results of
AD patients showed down-regulation of GPX4, up-regulation of
arachidonic acid 12/15 lipoxygenase (ALOX15), and enhanced
lipid peroxidation, and 4-hydroxynonenal (4-HNE) in AD
patient brains was elevated (Yoo et al., 2010). 4-HNE has the
potential to modify proteins involved in antioxidant and energy
metabolism, promoting A deposition and fibrogenesis (Seibt
et al., 2019). These results indicate that ferroptosis plays a key
role in AD, which can cause neuronal loss and cognitive decline.
Therefore, modulating brain iron metabolism and reducing
neuronal ferroptosis may be a promising approach for the
treatment of AD.

Deferoxamine (DFO) and deferiprone (DFP) are commonly
used clinical iron chelators. The clinical efficacy of DFO in the
treatment of AD is as high as 50%. However, the side effects, such
as weight loss and loss of appetite (Mclachlan et al., 1991), limit
its clinical application. Besides, DFO is difficult to pass through
the blood-brain barrier (BBB) (Ward et al., 1995; Ben Shachar
et al,, 2004), which could be solved by intranasal administration
of DFO nanoparticles (Rassu et al., 2015). Compared to DFO,
DFP could cross the BBB and is safer (Gallie and Olivieri, 2019).
In a randomized controlled trial, DFP improved neurological
scores and iron-related neurological symptoms (Abbruzzese
etal., 2011; Klopstock et al., 2019).

Quinoline and its derivatives, which could chelate with iron,
zinc, and copper, have the potential to improve cognition, reduce
AP deposition, and promote AP degradation in AD animal
models (Grossi et al., 2009; Crouch et al., 2011). Clioquinol
could downregulate 3 and y secretase and APP expression in
the brain (Wang et al, 2012), as well as degrade oligomeric
tau protein and reduce tau tangles (Lin et al, 2021). Besides,
clioquinol has been proven to slow down cognitive decline in
patients with severe AD and reduce Af342 in cerebrospinal fluid
(Ritchie et al., 2003). Studies have also found that vitamin E
(an antioxidant) can reduce lipid peroxidation in the brain,
reduce iron morphology on neurons, and improve cognitive
function in GPX4 knockout mice. However, in a randomized
clinical trial, vitamin E showed no benefit in patients with AD
or mild cognitive impairment (Farina et al., 2017), while it
could accelerate cognitive decline (Lloret et al., 2009). Therefore,
the application of vitamin E in AD remains questionable,
and more clinical trials are needed to determine its effect.
Alpha-lipoic acid (a-LA) was also proven to improve cognitive
impairment, slow cognitive decline (Fava et al., 2013), block iron
overload, lipid peroxidation, and inflammatory responses in AD
patients (Zhang et al., 2018). Se is present in various proteins
in the body, such as GPX4, and has antioxidant activity. Se-
containing compounds may inhibit iron toxicity by upregulating
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GPX4 and improve cognitive function in AD patients (Gwon
et al,, 2010; Cardoso et al., 2019). Ferrostatin-1 (Fer-1) is a
common ferritin inhibitor and a free radical scavenger, which is
much more effective than phenolic antioxidants (Miotto et al,,
2020). Fer-1 could alleviate angiotensin II-induced astroglial
inflammation and iron degeneration by inhibiting ROS levels
and downregulating Nrf2 and GPX4 (Li S. J. et al,, 2021). In the
treatment of AD, Fer-1 was shown to ameliorate neuronal death
and memory impairment in vitro and in vivo (Bao et al., 2021).

Hepcidin can reduce iron transport across the BBB and
prevent iron overload in the brain. In cultured microvascular
endothelial cells, hepcidin significantly inhibits the expression of
FPN1, TfR1 and DMT]I, and reduce iron uptake and release by
neurons (Du et al., 2015). Hepcidin can reduce the iron level of
mouse astrocortex and hippocampal neuron glial cells, reduce
the formation of Af3 plaques, and improve mouse cognitive
function (Xu et al, 2020). The recombinant adenoviruses
carrying the hepcidin gene could also reduce iron deposition
and oxidative stress levels in the brain (Gong et al, 2016).
Insamgobonhwan (GBH) can inhibit the impairment of -
amyloid on cognitive function in vivo, and also inhibit cell death
and lipid peroxidation in vitro cells. In addition, GBH restores
ferritin GPX4, HO-1. The expression of COX-2 can improve
cognitive dysfunction in mice, and it also has certain potential
in AD treatment (Yang et al., 2022).

VD

The main cause of VD is chronic cerebral hypoperfusion
(CCH) caused by chronic cerebral blood flow (CBF) and a
variety of vascular pathologies. These include atherosclerosis,
arteriosclerosis, infarcts, white matter (WM) changes, and
microbleeds (Calabrese et al., 2016; Kalaria, 2018). Researchers
have demonstrated that amino acid metabolism is related to
ferroptosis and that CCH can cause neuronal depolarization
to release excess glutamate during the pathogenesis of VD,
resulting in excitotoxicity, and high levels of glutamate inhibit
the function of System Xc-. Glutamate excitotoxicity is also
a pathological mechanism of iron toxicity, and iron chelation
prevents excitotoxic cell death (Krzyzanowska et al., 2014; Liu
et al, 2016; Frank et al, 2021). Nuclear factor erythroid 2
related factor 2 (Nrf2) is a fundamental regulator of cellular
antioxidant defense systems, which regulates the expression
of multiple antioxidant response element-dependent genes,
including NADPH-quinone oxidoreductase 1 (NQOL), heme
oxidoreductase 1 (HMOX1), ferritin heavy chain 1 (FTHI),
FPN1, GSH, and GPX4 (Kerins and Ooi, 2018; Milkovic et al.,
2019; Sarutipaiboon et al., 2020). Studies have shown that the
expression level of Nrf2 is directly related to the susceptibility to
iron poisoning. Increased expression of Nrf2 inhibits ferroptosis,
and decreased expression promotes ferroptosis (Sun Y. R. et al.,
2020; Fan et al.,, 2021; Nishizawa et al., 2022). Studies have
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shown that, on the one hand, Nrf2 promotes the expression
of glutathione and GPX4 strengthens the function of the
antioxidant system, and on the other hand, Nrf2 can also reduce
intracellular iron accumulation by promoting the expression
of ferritin and the simultaneous release of FPNI storage and
export. iron, thereby preventing iron poisoning (Yang et al,
2017; Kasai et al,, 2019). The Nrf2 regulatory network plays
a fundamental role in different mouse models of cerebral
ischemia. Although the expression of Nrf2 is controversial
in different studies, the neuroprotective effect of enhanced
Nrf2/ARE activation has been demonstrated in different studies
(Park et al,, 2018; Liu et al., 2019, 2020). At the same time,
NRF2 overexpression can improve cognitive dysfunction (Yang
et al., 2014; Qi et al,, 2018; Mao et al,, 2019), suggesting that
it may be related to the inhibition of iron poisoning, and the
GSH metabolic network is a bridge connecting iron poisoning
and VD.

CCH can also lead to massive iron deposition. Bilateral
common carotid artery occlusion is the most commonly used
experimental model for VD. In the study, it was found that CCH
leads to iron deposition in the rat brain, and a large amount
of iron deposition leads to neuronal death caused by oxidative
stress. Among them, the CA1 area has the most iron deposition
and neuronal death (Li et al., 2012; Du et al., 2018). Abnormal
brain iron and iron ion deposition are closely related to cognitive
dysfunction, and iron ion deposition has been confirmed in
AD, PD, HD and other neurodegenerative diseases. It plays an
important role in sexually transmitted diseases (Chen L. et al,
2019; Thomas et al., 2020; Xu et al., 2020). It has also been shown
that a wide range of abnormal iron deposits in the cortex of
patients with subcortical ischemic VD, especially in the lateral
caudate nucleus, putamen, globus pallidus, and frontal cortex,
correlate closely with the severity of cognitive impairment (Liu
etal, 2015; Sun C. Y. et al., 2020). Model of cerebral ischemia-
reperfusion injury confirmed that iron accumulation in the
ischemic precursor is a novel mechanism of stroke injury,
leading to neuronal death. Iron chelators attenuate ischemia-
reperfusion injury in animal models (Tuo etal., 2017), indicating
that iron-induced ferroptosis may be the underlying mechanism
of VD neuron loss.

The oxidative stress produced by CCH has been proven
to be one of the main pathogenic mechanisms leading to VD
(Du et al,, 2017; Lee et al., 2021), and studies have shown that
blood lipid levels in VD patients are significantly higher than
those in AD patients, suggesting lipid peroxidation. Having an
important impact on the pathophysiology of VD, MDA levels
may be a hallmark of VD (Gustaw-Rothenberg et al., 2010).
Lipid peroxidation and ROS accumulation are key processes that
induce iron toxicity (Dixon and Stockwell, 2014). LOX causes
lipid peroxidation by catalyzing polyunsaturated fatty acids
in phospholipid membranes, and inhibition of LOX inhibits
ferroptosis (Kagan et al., 2017; Doll et al,, 2019). During cerebral
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ischemia, the extensive increase in 12/15-LOX in brain tissue
is an important cause of neuronal cell death and neurological
damage. Inhibition of 12/15-LOX can reduce neuronal cell death
and brain edema, and improve neurological prognosis (Piao
etal., 2008; Pallast et al., 2010; Yigitkanli et al., 2017). In addition,
NOX also plays an important role in lipid peroxidation. NOX1
expression was increased in hippocampal neurons during CCH,
leading to lipid peroxidation and oxidative stress. It is an
important cause of hippocampal neuronal degeneration and
cognitive impairment (Choi et al.,, 2014). Lipid peroxidation
caused by NOX is also one of the links of ferroptosis. NOX1
inhibitors have different effects on erastin-induced ferroptosis
in Calu-1 cells and HT-1080 cells, and have a partial effect on
HT-1080 cells (Dixon et al., 2012; Wang et al., 2021).

Thiazolidinediones such as rosiglitazone (ROSI), a drug for
the treatment of diabetes, can selectively inhibit ACSL4 activity
and thereby inhibit ferroptosis (Angeli et al., 2017; Doll et al,
2017). ACSL4 is widely expressed in brain tissue, especially in
the hippocampal CAl region, and the expression of ACSL4
is gradually increased during cerebral ischemia (Kassan et al.,
2013; Peng et al., 2021). Rosiglitazone (ROSI) has been shown
to reduce lipid peroxidation and oxidative stress injury in
hippocampal neurons during CCH, protecting brain function
(Sayan-Ozacmak et al., 2012). Multiple studies have shown that
long-term use of pioglitazone in patients with insulin-dependent
diabetes reduces the risk of dementia in nonpsychiatric patients
(Heneka et al., 2015; Lu et al., 2018).

PD

PD is the second most common neurodegenerative disease.
It is common in middle-aged and elderly people with
neurodegenerative diseases. Some PD patients also have
cognitive dysfunction. In the late stage of PD, patients often
have severe cognitive dysfunction such as dementia. Abnormal
intracranial iron deposition is thought to be one of the
pathogenic mechanisms of PD (Langkammer et al., 2016; An
et al, 2018; Chen Q. et al., 2019), and iron induces the
formation of Lewy bodies through oxidative stress pathway,
which aggregates a-synuclein (Takahashi et al., 2007). Li et al.
(2018) found that the iron content of the substantia nigra
pars compacta in PD patients may gradually increase during
the progression of PD and manifest as more significant iron
deposition in the middle and late stages of the disease. Relatedly,
observation of changes in its iron deposition may serve as a
potential marker for monitoring disease progression. Substantia
nigra iron deposition is also related to the cognitive function
of patients (Liu et al., 2017). The QSM CP value of the left
substantia nigra on MRI was negatively correlated with the
ADL score. The CP value of the left frontal white matter was
negatively correlated with the HAMD score, CP value of left
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substantia nigra and CP value of left frontal lobe were positively
correlated with MOCA score, and CP value of left frontal
lobe white matter was positively correlated with MMSE score.
SWI reflects abnormal iron deposition in the brain through
CP value, which can be used for the diagnosis of PD, but has
little significance for disease staging, and can be used to study
the mechanism of PD cognitive dysfunction and depression
(Xiong et al, 2020). Quantitative analysis of susceptibility-
weighted imaging (SWI) found that PD patients with mild
cognitive impairment had increased iron concentrations in
the globus pallidus and head of the caudate nucleus (Kim
et al, 2021). Iron is also widely deposited in the premotor
cortex, prefrontal lobe, insula, cerebellum, pons and other
parts of PD patients (Acosta-Cabronero et al, 2017; Chen
L. et al, 2019), which are all related to apathy and rapid
eye movement sleep behavior disorder (RBD) and other non-
motor symptoms. Tere was a metabolic disorder of iron in
the cerebrospinal fluid of patients with PD combined with
apathy and PD combined with RBD (Hu et al., 2015; Wang
et al.,, 2016). Serum iron has also been found to be associated
with anxiety in PD patients (Xu et al, 2018). In addition,
Masaldan et al. (2019b) found that the abnormal accumulation
of iron in PD may be closely related to the changes of iron
regulatory proteins.

Alpha-synuclein (a-syn), as a key player in tyrosine
hydroxylase-dependent ~dopamine synthesis and other
dopamine metabolic processes (Do Van et al., 2016; Belarbi
et al, 2017), may play a role in iron regulation (Duce et al,
20105 Zhou and Tan, 2017). In the presence of a copper catalyst,
a-syn has ferroreductase potential, which, when combined
with Fe3+ and converted to Fe2+, binds to the C-terminus of
a-syn (Davies et al., 2011). Iron also increases the formation
of non-normal fibers, a major event in PD (Abeyawardhane
et al., 2018). Furthermore, GSH was found to be decreased in a
mouse model of MPTP (Feng et al., 2014), while GSH depletion
enhanced MPP+ toxicity in substantia nigra dopaminergic
neurons (Wullner et al., 1996).

DFP has also been found to be neuroprotective in patients
with early PD (Do Van et al., 2016). The MPP+-induced SH-
SY5Y (a commonly used PD model) cell line is not programmed
cell death and shares some similarities with iron toxicity: both
involve lipid peroxidation and can be inhibited by DIM and
Fer—1 suppressed. Results showed that iron chelators not only
inhibited iron toxicity, but also protected dopamine neurons
from cell death (Abeyawardhane et al., 2018). In a transgenic
mouse model of PD, clioquinol was able to prevent the loss
of substantia nigra cells due to the ability of clioquinol to
chelate iron (Billings et al., 2016). Zeng et al. (2021) found that
GPX4 in PD cells significantly decreased and ROS increased
significantly after administration of ferric ammonium citrate,
which in turn induced ferroptosis and led to neuronal death,
while administration of iron chelators could inhibit ferroptosis
and protect neurons.
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HD

HD is a progressive neurodegenerative disease characterized
by rapid involuntary movements and cognitive impairment,
ultimately leading to death, due to expansion of CAG repeats
in the Huntingtin (HTT). The pathological hallmark of HD
is iron accumulation and abnormal levels of glutamate and
glutathione (Skouta et al., 2014; Agrawal et al., 2018). It has
also been reported that plasma samples from HD patients
have lower levels of GSH (Klepac et al., 2007) and lower GPX
activity in erythrocytes, so the pathogenesis of HD may be
related to ferroptosis. In a mouse model of HD, nitropropionic
acid-treated mice also exhibited reduced global (cytoplasmic
and mitochondrial) GSH reduction, suppressed hippocampal
and cortical glutathione s-transferase (GST) function, and
exhibited an HD phenotype (Klivenyi et al., 2000). Although
the underlying mechanism by which mutant huntingtin causes
neurodegeneration is unclear, the ability of huntingtin to
induce oxidative damage has been demonstrated. A study
found that Fer-1 treatment at 10nM, 100nM, and 1uM
protected neurons labeled with yellow fluorescent protein
(YFP) and expressed by biotransfection with a pathogenic
repeat (73Q) The huntingtin exon 1 fragment (mN90Q73)
induces cell death. The number of medium spiny neurons
(msnn) was significantly increased compared to controls (Skouta
et al, 2014). The iron chelator DFO was protective and
improved cognition in R6/2 mice, a mouse model of HD
(Yang et al., 2016). Fer-1 can inhibit oxidative lipid damage
and cell death in a cellular model of HD (Skouta et al,
2014).

ALS

ALS is a neurodegenerative disease affecting motor neurons
in the cortex, spinal cord, and brainstem, and clinically manifests
as progressive muscle atrophy and weakness in the extremities
and trunk. The pathogenesis of ALS is unknown, and neither
is the treatment of the disease. The most common type of
dementia associated with ALS is frontotemporal dementia
(FTD), a progressive non-AD dementia syndrome characterized
by localized frontal and temporal lobe degeneration (Ringbolz
and Greene, 2006; Heidler-Gary and Hillis, 2007; Bede et al,,
2018; Iridoy et al.,, 2019). Iron deposition was observed in the
spinal cord of a mouse model of ALS (Golko-Perez et al.,
2017). Abnormal iron deposits are found in ALS patients,
and iron deposits were found in the motor cortex of the
patient’s brain at autopsy (Kwan et al, 2012). The lipid
peroxidation of erythrocytes in ALS patients is significantly
increased, while the content of GSH is decreased (Babu et al,,
2008). The concentration of glutamate is higher, and the
accumulation of glutamate can cause neuronal cell toxicity,
which indicates that ferroptosis is directly involved in the
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pathogenesis of ALS mechanism. At the same time, motor
neurons in ALS mice are very sensitive to GPX4 knockout-
induced cell death (Conrad et al., 2018). At present, the only
approved treatment for ALS in the United States and the
European Union is the anti-excitatory amino acid toxicity
drug Riluzole, which is a glutamate antagonist, which can
inhibit the release of presynaptic glutamate and inhibit nerve
endings. It can inhibit the neurotoxicity of excitatory amino
acids by inhibiting the neurotoxicity of excitatory amino
acids. It has a certain effect on ALS patients with bulbar
palsy or limb paralysis as the first symptom, can delay the
progression of ALS, and can clearly prolong the survival
time and postponement of tracheostomy (Gurney et al,
1998).

TBI

TBI is recognized as a disease with high mortality and
complex survival, which is the main environmental risk
factors for the development of neurodegenerative diseases.
Complications of TBI are mainly motor function, cognitive
function, and social dysfunction, which cause a serious burden
on patients, family members and society, and age is an important
factor affecting the prognosis of TBI (Griesbach et al., 2018;
Fraser et al., 2019; Ritzel et al., 2019). Iron is considered to be
an important agent of secondary injury after traumatic brain
injury and can induce peroxidation and inflammation (Ayton
and Lei, 2014). Studies have shown that after experimental
brain trauma in rats, the production of lipid peroxidation
products is significantly enhanced, the consumption of GSH
and ascorbic acid is significantly increased (Bayir et al,
2002), and the activity of GPX is decreased (Xu et al., 2014).
Elevated levels of 15-HpETE-PE after traumatic brain injury
led to ferroptosis in the cerebral cortex and hippocampus,
accompanied by increased expression of 15LO2 (a catalyst for
the formation of protoferroporphyrin 15-oh-eicosapentaenoic
acid) and depletion of GPX4, leading to cognitive impairment,
effectively suggesting the possibility of ferroptosis (Wenzel et al.,
2017).

Iron chelators such as DFO may improve cognitive
function after traumatic brain injury (Khalaf et al, 2019).
N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic acid
hydrochloride (HBED) is a unique iron chelator that not
only crosses the BBB, but also reduces the improvement and
recovery of motor impairment and cognitive function after
TBI in rats (Khalaf et al, 2019). The ferroptosis inhibitor
Liproxstatin 1 can reduce brain edema and BBB permeability
caused by TBI, improve motor and learning and memory
impairment caused by TBI in rats, and significantly improve
anxiety and cognitive function caused by TBI (Xie et al,
2019).
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Discussion

Ferroptosis is a newly discovered form of cell death
manifested by iron overload, accumulation of lipid peroxidation,
and ROS. The current research preliminarily showed that
ferroptosis plays an important role in neurodegenerative
diseases. Clinically, ferroptosis can be induced by the following
methods and exert a neuroprotective effect: exogenous lipid
supplementation promotes lipid peroxidation in cells; inhibition
of GPX4 and expression of GSH; construction of nano-
drug delivery system to supplement hydrogen peroxide and
iron ions to promote Fenton reaction of tumor cells, etc.
Therefore, ferroptosis is a potential target for the treatment
of neurodegenerative diseases. However, the exploration of
ferroptosis still faces many problems to be solved. First, the
study of ferroptosis in cognitive dysfunction-related diseases is
still in its infancy, and its underlying molecular mechanisms
remain unclear. Although iron overload and lipid peroxidation
can cause ferroptosis, their involvement in ferroptosis-related
regulatory targets such as DMT1, FPN1, or iron uptake proteins
needs to be further investigated. Second, there is no specific
ferroptosis marker to comprehensively and extensively study
its process, and which are the key executive molecules of
ferroptosis remain unclear. Finally, it is known that abnormal
iron metabolism can cause ferroptosis, and whether other metal
elements induce ferroptosis remains to be explored.

In addition, ferroptosis is different from other forms of
cell death, but these different forms of cell death are not
independent of each other. The various forms of cell death are
likely to be interconnected and form a network to participate
in the regulation of cell death. Studies have found (Sun et al,
2018; Chen et al, 2021) that ferroptosis is closely related
to apoptosis, and ferroptosis, autophagy and apoptosis can
synergistically promote cancer cell death. Therefore, further
studies on the relationship and mechanism between ferroptosis
and other known cell death pathways are still needed in the
future, which may be helpful for the treatment of cognitive
dysfunction-related diseases. In addition, ferroptosis inhibitors
contain some traditional ROS scavengers, but compared with
traditional ROS scavengers, ferroptosis inhibitors can block
iron-catalyzed ROS generation, activate oxidative stress, and
induce cell death. It can only clear the accumulated ROS
in cells and has a weak inhibitory effect on ferroptosis, and
cannot completely block the occurrence of ferroptosis in cells.
Various types of ferroptosis inducers and inhibitors have been
found, but ferroptosis regulators generally suffer from low
bioavailability and adverse reactions. Therefore, screening of
ferroptosis-related drugs and traditional Chinese medicines with
few adverse effects on normal tissues and high target specificity
is crucial for the development of ferroptosis.

In conclusion, with the gradual deepening of ferroptosis
research, the research on targeted drugs and new drug targets
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for ferroptosis is of great significance for the prevention and
treatment of diseases in the future. At the same time, more and
more experimental studies have confirmed the role of ferroptosis
in neurodegenerative diseases, which provides more possibilities
for the discovery of potential therapeutic drugs and therapeutic
targets for neurodegenerative diseases, and also provides help to
further explain the pathogenesis of neurodegenerative diseases.
However, the research on ferroptosis in neurodegenerative
diseases is still in its initial stage, and there are many
unexplained problems, and more experiments are needed to
deepen its understanding.
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Background: Globally, Alzheimer's Disease (AD) accounts for the majority of
dementia, making it a public health concern. AD treatment is limited due to the
limited understanding of its pathogenesis. Recently, more and more evidence
shows that ferroptosis lead to cell death in the brain, especially in the regions
of the brain related to dementia.

Materials and methods: Three microarray datasets (GSE5281, GSE9770,
GSE28146) related to AD were downloaded from Gene Expression Omnibus
(GEO) datasets. Ferroptosis-related genes were extracted from FerrDb
database. Data sets were separated into two groups. GSE5281 and
GSE9770 were used to identify ferroptosis-related genes, and GSE28146 was
used to verify results. During these processes, protein—protein interaction
(PPI), the Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were conducted. Finally, the
differentiated values of ferroptosis-related genes were determined by receiver
operator characteristic (ROC) monofactor analysis to judge their potential
quality as biomarkers.

Results: Twenty-four ferroptosis-related genes were obtained. Using STRING
(https://cn.string-db.org/) and Cytoscape with CytoHubba, the top 10 genes
(RB1, AGPAT3, SESN2, KLHL24, ALOX15B, CAS, GDF15, DPP4, PRDX1, UBC,
FTH1, ASNS, GOT1, PGD, ATGI16L1, SLC3A2, DDIT3, RPL8, VDACZ2, GLS2,
MTOR, HSF1, AKR1IC3, NCF2) were identified as target genes. GO analysis
revealed that response to carboxylic acid catabolic process, organic acid
catabolic process, alpha-amino acid biosynthetic process and cellular amino
acid biosynthetic process were the most highly enriched terms. KEGG
analysis showed that these overlapped genes were enriched in p53 signaling
pathways, longevity regulating pathway, mTOR signaling pathway, type 2
diabetes mellitus and ferroptosis. Box plots and violine plots were created
and verified to confirm the significance of identified target genes. Moreover,
ROC monofactor analysis was performed to determine the diagnostic value
of identified genes. Two genes (ASNS, SESN2) were subsequently obtained.
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For the tow genes, STRING was used to obtain the five related genes and
determined enriched GO terms and KEGG pathways for those genes.

Conclusion: Our results suggest that ASNS and SENS2 may serve as potential
diagnostic biomarkers for AD and provide additional evidence regarding the
essential role of ferroptosis in AD.

ferroptosis, Alzheimer's disease, biomarkers, hippocampus, ASNS, SESN2

Introduction

The number of people suffering from Alzheimer’s disease
(AD) are increasing globally, and AD influences many aspects
from daily lifestyle to family expenditures (Jia et al., 2020;
Scheltens et al,, 2021). AD is the most common cause of
dementia, which may account for approximately 60-80%
of cases (Cunningham et al, 2015; Scheltens et al, 2021;
Zhang et al, 2021). Clinical characteristics of AD include
neurodegeneration with symptoms of cognitive and functional
impairment such as decreased memory and ability to perform
activities of daily living, and decreased behavioral capacity.
Thus, it is important and emergent to figure out how to diagnose
and detect AD earlier (Arvanitakis et al., 2019; Scheltens et al.,
2021). At present, the pathogenesis of AD focuses mainly on
contributions from amyloid § (AB) and Tau. AD may be due to
the production, aggregation, and accumulation of Af leading to
neurotoxicity or to changes in normal Tau, or it may be due to
AP inducing the pathological transmission of Tau (Shaw et al,,
2007; Scheltens et al.,, 2021). Currently, dementia is diagnosed
according to associated behavioral traits rather than biological
characters, such as brain imaging, due to its complexity
and various potential causes, including cerebral cardiovascular
diseases, Lewy body disease and frontotemporal dementia
(McKhann et al.,, 2011; Arvanitakis et al., 2019). Therefore, there
is a current need to determine specific biomarkers that can be
used for the clinical diagnosis of AD, and these biomarkers can
also be used for the exploration of future disease mechanisms
and to obtain the best therapeutic targets.

Scientists have deemed that the hippocampal brain region
is responsible for the function of memory, learning and spatial
information in animal and human research (Jarrard, 1995;
Knierim, 2015). Exploration between the hippocampal region
and AD and dementia is continuing. A research report in
1999 showed that the declination of memory with aging
was related to changes in the hippocampal region in AD
patients (Small et al, 1999). A review concluded that AD
patients suffer impairment in emotional event memory, as
viewed in the amygdalohippocampal interconnection, with the
amygdala showing damage characteristic of atrophy, plaques
and tangles (McDonald and Mott, 2017). Recently, researchers
have found new insights into the relationships between AD and
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the hippocampal region, specifically advancing cell death and
neurodegeneration.

In Dixon et al,, 2012 officially proposed the conception of
ferroptosis (an iron-dependent, oxidative, non-apoptotic cell
death) for the first time, which started the formal study of the
mechanism between ferroptosis and various diseases. Compared
with research on the relationship between ferroptosis and
cancer or tumors, the link between ferroptosis and neurological
diseases, especially AD, has been poorly studied. Searching
ferroptosis and AD in Pubmed revealed that the exploration of
ferroptosis and AD began to focus in 2017, and the number
of publications in the area has surged in recent years. In 2019,
researchers surprisingly found that mice with high dietary iron
exhibit neuronal loss by apoptosis, autophagy and ferroptosis,
leading to AD (Li et al, 2019). Iron has been reported to
accelerate aggregation and pathogenicity of AD-related aberrant
proteins, such as B-amyloid, tau, a-synuclein, and TDP (Ashraf
and So, 2020). Another study in 2021 found that the loss of Fpn
(ferroportin, an iron exporter) in AD mice led to brain atrophy
and cognitive impairment, in addition to the morphological
and molecular evidence of ferroptosis in hippocampal neurons
in Fpn knockout mice (Bao et al., 2021). Restoration of Fpn
ameliorated ferroptosis and memory impairment (Bao et al,
2021). Generally, ferroptosis affects AD in terms of iron
metabolism, lipid peroxidation, and the glutathione/glutathione
peroxidase 4 axis (Chen et al,, 2021; Zhang et al., 2021).

Ferroptosis is a unique pattern of cell death that has gained
attention in the field of AD research. However, the current
studies of AD and ferroptosis lack exploration at the genetic
level, although they may help to diagnosis AD and identify
therapeutic targets for AD. Therefore, the purpose of the current
study was to identify potential biomarkers related to ferroptosis
and AD and to provide additional perspective for the research
and treatment of AD.

Materials and methods

Datasets and pre-processing

Three AD-related microarrays datasets GSE9770 (Readhead

et al, 2018), GSE5281 (Liang et al, 2007), GSE28146
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(Blalock et al., 2011) were downloaded from GEO (Gene
Expression Omnibus) database. Those datasets shared the same
platform, GPL570 (HG-U133_Plus_2) (Affymetrix Human
Genome U133 Plus 2.0 Array), which showed in the Table 1.

The datasets were processed used R Studio as follows:
firstly, after obtaining the raw data of the three datasets, gene
expression was normalized and log2-transformed using the
LIMMA package (Ritchie et al,, 2015) for normalization; then,
we removed the no-load and duplicated gene probes to obtain
the maximal gene expression probes. GSE9770 and GSE5281
datasets were merged using the Rsva package (Leek et al., 2012),
and batch effects were removed. Finally, the LIMMA (Ritchie
et al,, 2015) package was used to identify DEGs (differentially
expression genes) with a log fold change >1 and p-value <0.05.
The GSE 28146 dataset underwent the same processing flow
with the exception of being merged with any other datasets.
DEGs were adjusted by the Benjamini-Hochberg method to
process the p-values.

The ferroptosis-related genes from
FerrDb and hub-genes from Cytoscape
by protein—protein interaction

FerrDb! is the world’s first database related to ferroptosis
that includes genes and substances (Zhou and Bao, 2020).
Ferroptosis-related genes, including driver, suppressor and
inducer genes, and we removed the duplicated genes, which

1 http://www.zhounan.org/ferrdb/current/

10.3389/fncel.2022.1023947

TABLE 1 Alzheimer's disease (AD)-related microarrays
datasets in hippocampus.

Dataset Platform Total Alzheimer Normal
GSE9770 GPL570 34 34 0
GSE5281 GPL570 161 74 87
GSE28146 GPL570 30 22 8

finally obtain the total 259 genes. These genes intersect with
the DEGs from the union set of GSE9770 and GSE5281 and
can be visualized in the Venn diagram. After obtaining the
shared genes, STRING? was used to obtain the PPI (protein-
protein interactions) with a 0.4 (medium confidence) minimum
required interaction score. Cytoscape V3.9.1 software (Shannon
et al., 2003) was then used to visualized the network. Moreover,
CytoHubba was used to calculate and visualize the top 10 nodes.

The gene ontology and Kyoto
Encyclopedia of Genes and Genomes
enrich analysis

The 10 selected genes were used to perform GO (Gene
Ontology) analysis to determine BP (biological process), CC
(cellular component), and MF (molecular function) term
enrichment and perform KEGG (Kyoto Encyclopedia of Genes
and Genomes pathway) enrichment. Final significant genes also
underwent GO and KEGG enrichment analyses.

2 https://cn.string-db.org/
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Identifying the significant genes and
find the clinical and diagnosing value
of biomarkers

The significance of the 10 selected genes were checked again
by comparing GSE28146 and the union dataset of GSE9770 and
GSE5281 and visualized, respectively. Then, ROC monofactor
analysis was performed in these two datasets to find the
clinical and diagnostic value of ferroptosis-related biomarkers
in AD patients. In the GSE28146 dataset, significant genes
were identified not only by expression changes in AD but were
also associated with the stage of dementia, which provided
phenotype information.

Results

Finding and identifying the
ferroptosis-related genes

Three datasets, GSE9770, GSE5281, and GSE28146, were
downloaded from the GEO database and processed using the
LIMMA package (Ritchie et al, 2015) in R studio. First, the
GSE9770 and GSE5281 datasets were combined as a union set
to identify ferroptosis-related DEGs, after removing no load or
duplicated probes and batch effects. Figures 1A,B shows the up-
regulated and down-regulated genes in the union set as volcano
plots. The log fold change was set at 1.0 and p-value at <0.05.
As a result, there were 1,731 down-regulated genes and 1,317
up-regulated genes. GSE28146 was similarly processed, and the
results are shown in Figures 1C,D. There were 413 down-
regulated genes and 295 up-regulated genes, with a 1.05 log
fold change and p-value <0.05. The total 235 ferroptosis-related
genes obtained from the FerrDb database (see text footnote 1)
included driver, suppressor, and inducer genes. In Figure 1E, the
Venn diagram shows the union sets and the ferroptosis-related
genes. Finally, 24 ferroptosis-related genes were identified as
biomarker candidates.

Protein-protein interaction network
and confirming the hub genes

The names and the categories of the 24 ferroptosis-related
biomarker candidate genes are shown in Figure 2A. The
STRING database was used to analyze the PPI network of these
genes and Cytoscape V3.9.1 was used for visualization of the
network (Figure 2C). Cytohubba was applied to calculate the
10 nodes ranked the highest when using the MCC method
(Figure 2D). SESN2, ASNS, MTOR, SCL3A2, DDIT3, UBC,
GLS2, PRDX1, GOTI1, and ATGI6L1 were identified as hub
genes and are shown with their categories in Figure 2B.
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Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes
enrichment analysis

Gene Ontology term enrichment was determined for the
10 biomarker candidates and included analysis for enriched
BP, ME and CC (Figure 3A). KEGG enrichment analysis
was also performed. The GO-BP results showed that these
biomarkers are strongly associated with the “response to
starvation”, “carboxylic acid catabolic process”, and “organic
acid catabolic process”, compared with other process. In the GO-
CC, overlapping genes were mostly enriched in the “vacuolar
membrane”, “melanosome”, and “pigment granule” terms. The
three most enriched terms in GO-MF were “oxidoreductase
activity”, “antioxidant activity”, and “carboxylic acid binding”.
Furthermore, KEGG results illustrated that these hub genes
were mainly enriched in the “p53 signaling pathway”, “longevity
regulating pathway”, “mTOR signaling pathway”, “type 2

diabetes mellitus”, and “ferroptosis” pathways (Figure 3B).

The expression of overlapped genes
and the clinical value in union set

After obtaining the 10 ferroptosis-related genes, we were
going to verify whether these genes could have same trend
of expression. Firstly, we detected the expression of those
10 overlapped genes in union set and performed by boxplot
and barplot. The graph showed that all genes is p < 0.01.
Surprisingly, all genes showed that the expression is down-
regulated in hippocampal region in AD patients vs. health
person, except the SESN2 which show the opposite trend
(Figure 4A). We also used ROC monofactor analysis to perform
the diagnostic value of overlapped genes and calculate the AUC
area to evaluate the accuracy of these genes’ ability in prediction
(Figure 4B). In the plot, we could see that the lowest AUC area
is 0.90 and the maximal AUC is close to the one. As the result,
the 10 genes are qualified to select as the biomarker in further
verification.

The expression of overlapped genes
and the clinical value in GSE28146

After selecting the 10 genes, the GSE28146 dataset was used
to verify results. In Figure 5A, boxplots and bar plots of the
10 eligible genes are shown. Surprisingly, only two genes were
significantly changed (ANSN p < 0.01, SENS2 p < 0.05) in AD
patients vs. people without AD. ASNS and SESN2 expression
levels in the GSE28146 dataset were similar to that seen in the
union set. Phenotypic subgroups were created according to the
stage of dementia. There were no gene differences within the
subgroups (Figure 5B). ROC monofactor analysis was used to
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FIGURE 2

The protein—protein interaction (PPI) network and 10 hub gene interaction network analyzed using Cytoscape software. (A,C) The 24
Ferroptosis-related DEGs analyzed using STRINGS and Cytohubba (MCC Ranking method). The network includes 18 nodes and 29 edges.
(Disconnected nodes are hidden). (B,D) Picking the top 10 rank genes (MCC Ranking method). The network includes 10 nodes and 16 edges.
Gene to gene interactions are depicted in the graph as edges between two nodes. The different nodes represent the variation of the degrees

from high to low, determined by the degree of interaction.
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evaluate clinical value for candidate genes. In Figure 5C, the
AUC of ASNS and SESN2 was greater than 0.7 in the m1 curve,
and ATG16L1, GOT1, and SESN2 exceeded 0.7 in the m2 curve.
Thus, ASNS and SESN2 were chosen as biomarker candidates
with potential diagnostic value in AD.

The potential mechanism in the
selected genes and co-expressed
protein network

The STRING database was used to identify the co-expressed
protein network of ASNS and SESN2, and the networks were
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visualized (Figures 6E,F). Five interactors were identified in
these two graphs, respectively. GOT2, CAD, ASS1, ATF4, and
CEBPB are co-expressed with ASNS. GO and KEGG analysis
results of these six genes are presented in Figures 6C,D. The
GO and KEGG enrichment analysis for the co-expressed protein
network of SESN2, based on the six related genes, is also shown
(Figures 6A,B).

Discussion

Aging consists of many processes, including loss of
protein homeostasis, DNA damage, lysosomal dysfunction,
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The boxplot and violine plot of the expression in the top 10 ranked ferroptosis-related DEGs, aimed at finding the significance and the receiver
operator characteristic (ROC) curve in order to illustrate the diagnostic value of ferroptosis-related DEGs by monofactor analysis. (A) The
expression of the 10 ferroptosis-related genes in AD compared with the non-AD group within the hippocampus region in GSE28146. (B) The
expression of the 10 ferroptosis-related genes in AD compared with the non-AD group within the hippocampus region in the different stages of
dementia in GSE28146. (C) AUC in the top 10 ranked ferroptosis-related genes in the ROC curves in GSE28146. *p < 0.05; **p < 0.01; NS, not
significant, p > 0.05, non-AD control vs. AD; m2, control vs. incipient vs. moderate vs. severe.

epigenetic changes, and immune dysregulation, and it does not
mutually and linearly relate to disease (Wyss-Coray, 2016). As
normal aging, neurodegeneration and dementia, and cognitive
impairment occur along a continuum, it is hard to distinguish
the progression from normal aging to disease aging and to find a
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reliable tool to differentiate these processes, making this area of
research a tough and difficult topic (Wyss-Coray, 2016). For the
exploration of aging and neurodegenerative diseases, identifying
specific cell death patterns and activated signaling pathways
in the pathology of disease is crucial (Andreone et al, 2020).
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Ferroptosis, which is different from other cell death patterns,
is a new horizon for scientists to explore novel biomarkers
and therapeutic targets (Andreone et al,, 2020). A large cohort
study showed that the existence of iron has a strong relationship
with the mechanisms involved in neurodegeneration diseases,
encouraging research into the interactions and associations
between AD and ferroptosis (Ayton et al, 2021). Exploring
the relationship between ferroptosis and AD may lead to
identification of new biomarkers for AD diagnosis and new
targets for AD treatment.

More and more scholars are studying the field of ferroptosis
and neurodegenerative diseases. An animal study suggested
that SCL40AI, a ferroptosis-related gene, is associated with
cognitive impairment in type I diabetes (Hao et al, 2021).
Moreover, another study found that eriodyctiol produces an
anti-ferroptosis effect, thereby alleviating cognitive impairment,
and the mechanism of these effects may be related to activation
of the Nrf2/HO-1 pathway (Li et al, 2022). In the present
study, ASNS and SESN2 were significantly related to AD
compared with other ferroptosis-related genes. At present, most
studies have focused on the role of ASNS in cancer-related
studies, including studies on ovarian cancer, oral squamous
cell carcinoma, colorectal cancer cell, T-cell acute lymphoblastic
leukemia, and skull base chordoma (Lorenzi et al.,, 2006; Du
et al., 2019; Fu et al., 2021; Shen et al., 2021; Akahane et al.,
2022). ASNS may be a predictive biomarker in those tumors
or cancers; however, assays also indicate an association between
ASNS and neurodegeneration diseases. SENS2 shows a similar
trend to ASNS findings. In the study of carcinoma, SENS2
was identified as a tumor suppressor gene (Weng et al,, 2018).
More specifically, SESN2 may be a prognostic biomarker for
hepatocellular cancer (Chen et al,, 2017). A mouse study using
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SESN2/3 knockout mice may allow characterization of its role
in aging and metabolic-related disorders. Furthermore, SESN2
may inhibit the production of ROS and produce antioxidant
effects, making it a potential target for the treatment of AD
and neurodegenerative diseases, as AD neuronal death is likely
caused by oxidative damage (Wang et al., 2019). Surprisingly,
a study for AD and mild cognitive impairment patients has
suggested that SESN2 plays an important role in the progression
of AD (Rai et al,, 2016). In summary, the association between
ferroptosis and AD may uncover new insights into diagnosis
and therapeutic targets for AD. For example, iron chelators,
co-drugs and the antioxidant vitamin E, show effects in the
treatment of AD (Yuan et al., 2021). However, both biomarkers
and therapeutic drugs need to be confirmed by clinical trials.

In conclusion, after processing and validating, ASNS and
SESN2 were identified, which pays little attention on the
correlation with AD. In our study, ASNS and SESN2 was
regarded as the candidate biomarker of diagnosis of AD and
even the therapeutic target in the further study. However, we fail
to find the gene providing the clinic value of distinguishing the
stage of dementia. Because more ferroptosis-related genes have
been finding and more hippocampal region samples are needed.

There are several limitations to the current study. First,
the datasets chosen and used for analysis—specifically the
merged dataset GSE9770-did not provide specific dementia
state information. Therefore, there may be limitations regarding
AD patient selection and access to DEGs. In addition, because
there are few microarrays in the hippocampus of AD patients
and the hippocampus of people without AD, only the three
datasets used in the present study were available for continuous

verification. Finally, the overlapped genes verified in this
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study need to be supported by future studies and verified by
laboratory evidence.
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Subarachnoid haemorrhage (SAH) is a common cerebrovascular disease
with high disability and mortality rates worldwide. The pathophysiological
mechanisms involved in an aneurysm rupture in SAH are complex and can be
divided into early brain injury and delayed brain injury. The initial mechanical
insult results in brain tissue and vascular disruption with hemorrhages and
neuronal necrosis. Following this, the secondary injury results in diffused
cerebral damage in the peri-core area. However, the molecular mechanisms
of neuronal death following an aneurysmal SAH are complex and currently
unclear. Furthermore, multiple cell death pathways are stimulated during
the pathogenesis of brain damage. Notably, particular attention should
be devoted to necrosis, apoptosis, autophagy, necroptosis, pyroptosis and
ferroptosis. Thus, this review discussed the mechanism of neuronal death and
its influence on brain injury after SAH.

cell death, SAH, necrosis, apoptosis, ferroptosis, autophagy, pyroptosis

Introduction

Subarachnoid haemorrhage (SAH) is a common cerebrovascular disease, accounting
for approximately 5% of all strokes. According to the latest report by the European
Stroke Association, the incidence of SAH is reported to be more than 9/100,000 (Feigin
et al., 2009; GBD 2019 Stroke Collaborators, 2021). The incidences of SAH in Asia
and Iceland rank the highest, with Japan accounting for approximately 22.7/100,000
cases. Moreover, more than 85% of all SAH cases are caused by intracranial aneurysms,
leading to high mortality and disability rates (Steiner et al,, 2013). A meta-analysis
reported that the short-term mortality of SAH is as high as 8.3-66.7%, the mean median
of direct death before admission was 8.3% and the overall favorable prognosis rate
was 36-55% (Nieuwkamp et al,, 2009). The majority of SAH survivors usually have
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long-term cognitive dysfunction, affective disorders, loss of
hearing and smell and decreased quality of life after surgery
(Rinkel and Algra, 2011). Additionally, >60% of SAH survivors
have memory problems, >75% have language problems (Al-
Khindi et al., 2010) and almost 95% of patients with SAH have
at least one cognitive or affective disorder (Passier et al.,, 2010).
The treatment for patients with SAH is lengthy and expensive,
which places a serious burden on the national economy. Since
the beginning of the 21st century, the average hospitalization
cost of each patient with a SAH aneurysm in the first year in the
United States exceeded $65,000 (Qureshi et al., 2007) while those
in the United Kingdom paid £510 million a year (Rivero-Arias
etal,, 2010).

The pathophysiological processes and mechanisms involved
in aneurysm rupture in SAH are complex. Nonetheless, a
previous study divided the pathological process into two stages:
early brain injury (EBI) and delayed brain injury (DBI) (Chen S.
et al, 2014). Additionally, various animal and cell experimental
studies on SAH report that a large number of red blood cells
enter the subarachnoid space, brain parenchyma or ventricle
and their subsequent rapid lysis produce a large amount
of hemoglobin and corresponding decomposition products
(Macdonald, 2014; Lawton and Vates, 2017). These factors
exert various neurotoxic effects and can subsequently induce
secondary brain injury after SAH (Bulters et al.,, 2018; Chen
et al, 2019¢, 2021). Therefore, EBI is considered the most
important cause of acute brain damage and neurological
dysfunction in patients with SAH. Currently, it is gaining
increasing attention as a research hotspot. Neuronal death is
considered a major cause of EBI (Macdonald and Schweizer,
2017). Hence, a reduction in the number of neuronal deaths
could improve nerve dysfunction and eventually improve the
prognosis of patients (Dong et al, 2016; Ding et al, 2022).
Thus, further study on the mechanism of EBI and neuronal
death is vitally important. In the present review, we discuss the
mechanism of neuronal death after SAH and its influence on
brain injury (Table 1).

Neuronal necrosis

Neuronal necrosis is the death of neurons induced by
extreme, chemical or severe pathological factors and is a passive
pathological process that does not consume energy (Kroemer
et al, 2009). The morphology of necrotic neurons exhibits
increased neuronal membrane permeability, neuronal organelle
oedema and deformation, nuclear changes, DNA dissolution,
intracellular calcium overload, sodium ion influx, potassium
ion outflow, plasma concentration changes (Friedrich et al,
2012). Furthermore, degraded lysosomes release various cellular
autolysins that eventually destroy the plasma membrane and
cause cell death (Kroemer et al.,, 2009). This pathological process
is also an acute passive neuronal death process that is observed
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after SAH. The specific mechanism and molecular process of
neuronal necrosis after SAH are scarce, to the best of our
knowledge, as it is a passive, unregulated and irreversible
pathological process (Zhu et al,, 2012). Friedrich et al. (2012)
reported that the activation of endothelial and parenchymal cell
apoptosis and neuronal necrosis occurred within 10 min after
SAH and is associated with poor outcomes. Thus, the prevention
of apoptosis and necrosis could potentially improve impaired
functions of the circumventricular organs after SAH (Edebali
et al., 2014). However, neuronal necrosis is the most common
form of neuronal death in EBI after SAH and is also the main
cause of early death, coma and severe neurological dysfunction
in patients after SAH (Friedrich et al., 2012). Although neuronal
necrosis is a passive and unregulated process, early clinical
intervention against its inducing factors can significantly reduce
its occurrence (Zhu et al, 2012). Therefore, identifying and
inhibiting the inducers of neuronal necrosis is key to regulating
this process, which could also be a new research direction
for neuronal necrosis after SAH. Additionally, Figure 1 briefly
summarizes the clinical causes of neuronal necrosis after SAH.

Intracranial hypertension

SAH can lead to extensive hemorrhage, including
intraventricular hematoma and intracerebral hematoma,
and the mass effect directly leads to increased intracranial
pressure (ICP) (Macdonald and Schweizer, 2017). Heuer et al.
(2004) reported that intracranial hypertension (>20 mmHg)
occurs in more than 50% of patients with SAH, with rates as
high as 60-70% in poor-grade SAH. Similarly, Zoerle et al.
(2015) reported that >80% of patients with SAH had at least
one episode of intracranial hypertension following SAH and
36% had an average ICP of >20 mmHg during hospitalization.
Increased ICP and complications, such as cerebral ischemia and
brain oedema, can directly induce neuronal necrosis, affecting
the final prognosis of patients (Said et al, 2021; Narotam
et al, 2022). Although the relationship between ICP and
prognosis remains unclear, the definite presence of intracranial
hypertension after SAH increases the mortality rates and leads
to poor outcomes. Moreover, intracranial hypertension and
its etiology (hydrocephalus, cerebral oedema, intracerebral
hematoma and intraventricular hematoma.) can be used as an
independent predictor of poor patient outcome (Claassen et al.,
2002; Heuer et al., 2004; Zoerle et al., 2015; Wan et al., 2016).

Currently, there are no recommended guidelines for the
treatment of intracranial hypertension after SAH (Svedung
Wettervik et al, 2022). From our experience, early-time
intraventricular ICP monitoring is a very important therapeutic
strategy to relieve ICP in patients with SAH. It is also
essential to monitor ICP and cerebral perfusion pressure
to avoid severe cerebral ischemia, which can be avoided
by maintaining appropriate perfusion pressure regardless of
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TABLE 1 Neuronal death pathways and associated morphological and biochemical hallmark features.

Neuronal death

Morphological features and key biochemical pathway components

10.3389/fncel.2022.1025708

References

Neuronal necrosis

Neuronal apoptosis

Neuronal pyroptosis

Neuronal autophagy

Neuronal necroptosis

Neuronal ferroptosis

Plasma membrane rupture, swelling of neuronal organelle, deformation, nucleus changes,
DNA dissolution, intracellular calcium overload, sodium ion influx, potassium ion
outflow plasma concentration changes, and overspending membrane aquaporin, lack of
inter-nucleosomal DNA fragmentation, depletion of ATP, involvement of calpains and
cathepsins, release of DAMPs (and in infected cells also PAMPs)

Nuclear fragmentation, plasma membrane blebbing, cell shrinkage (pyknosis), formation
of apoptotic bodies and phagocytosis by neighboring cells. Pro-apoptotic BCL-2 family
members, P53 and caspase activation, cleavage of hundreds of caspase substrates (ICAD,
PARP), PS exposure, A'¥'m dissipation, MOMP and ROS production

Rupture of the plasma membrane and lack of cell swelling. Inflammatory induced
activation of the initiator caspases, caspase-1, -4, -5 and -11, and consequent activation of
the effector caspases, caspase-3 and -1. Release of bio-active IL-1f and IL-18 and
proteolytic activation of GSDMD

Accumulation of autophagic vacuoles, autophagosome, vacuolisation of the cytoplasm,
no chromatin condensation. Atg family of gene encoded proteins, LC3-I to LC3-1I
conversion and cleavage of p62

Cytoplasmic swelling, loss of plasma membrane integrity, swelling of cytoplasmic
organelles. RIPK1, RIPK3, MLKL, phosphorylation and ubiquitination of RIPK1,
formation of the necrosome complex in the cytosol, phosphorylation and activation of
MLKL, the effector of caspases, ROS production and release of DAMPs

Smaller mitochondria with decreased cristae, disappearance of mitochondrial cristae,
thickening of the lipid bilayer membrane, metabolic dysfunction of iron ions, depletion of

glutathione (GSH), accumulation of iron-dependent lipid overreactive oxygen species

Kroemer et al., 2009; Friedrich
etal., 2012

Chen J. H. et al., 2016; Chen et al.,
2018b; Chen et al., 2019¢

Bergsbaken et al., 2009; Aglietti
etal., 2016; Liu et al., 2016; Vande
Walle and Lamkanfi, 2016

Ho etal.,, 2018

Holler et al., 2000; He et al., 2009;
Galluzzi et al., 2017

Dixon et al., 2012; Zille et al.,
2017; Chen et al., 2020c

(ROS), inhibited activity, or decreased levels of glutathione peroxidase 4 (GPX4)

FIGURE 1
The overall scheme of neuronal necrosis from subarachnoid
hemorrhage to early brain injury (EBI).

vasospasm (Chen et al,, 2018a). Additionally, intraventricular
ICP monitoring can aid in properly draining cerebrospinal fluid,
reducing ICP, improving obstructive hydrocephalus, draining
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blood-cerebrospinal fluid to improve vasospasm and reducing
toxic brain injury (He et al, 2015; Chen J. et al, 2016).
However, not all patients with SAH require ventricular ICP
monitoring but it can be considered for poor-grade patients
with SAH as the invasive procedure could increase the risk of
additional injury and intracranial infection (Chen et al,, 2018a).
Olson et al. (2013) reported that continuous cerebrospinal
fluid drainage and intermittent ICP monitoring increased the
incidence of intracranial infection, cerebrospinal fluid leakage
and bleeding (clinicaltrials.gov identifier NCT01169454) in
a randomized controlled study of 60 patients. Hence, it is
necessary to adopt individualized precision therapy to control
intracranial hypertension, thereby reducing neuronal necrosis
and ameliorating EBI.

Cerebral ischemia

Cerebral ischemia is a common complication after SAH,
with >30% of patients experiencing delayed cerebral ischemia
(Stienen et al.,, 2014). Decreased cerebral hypoperfusion leads to
cerebral ischemia and cerebral infarction, ultimately inducing
severe neurological dysfunction, brain injury and even death
(Guiresir et al., 2022; Hostettler et al., 2022). Cerebral ischemia is
caused by various factors, including cerebral vasospasm, micro
thrombosis, blood-brain barrier destruction, inflammatory
reactions and cerebral vascular self-regulation dysfunction
(Macdonald, 2014). After SAH, a large amount of hemoglobin
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enters the subarachnoid space to directly stimulate intracranial
blood vessels, thereby activating calcium channels in vascular
smooth muscle cells and resulting in smooth muscle contraction
and vascular spasm (Pluta, 2005). Endothelin-1 (ET-1) is
produced in large quantities by astrocytes and white blood
cells during inflammation or cerebral ischemia and has a
strong vasoconstriction function (Chen et al, 2018b; Croci
et al, 2019). Previous studies have demonstrated that many
molecular signaling pathways, such as p38/MAPK (Huang et al.,
2017), RhoA (Gonzdlez-Montelongo et al,, 2018) and Nrf2-
ARE (Zhang et al, 2010; Zhao et al,, 2016), are involved in
the development of cerebrovascular spasms (CVS) after SAH.
Therefore, early diagnosis and treatment of CVS and cerebral
ischemia could improve the prognosis of patients. Regrettably,
a large number of drugs are effective in basic research but
ineffective in clinical trials. For example, clazosentan has been
considered for the targeted treatment of CVS; however, a
Phase 3 clinical trial found that while it improved CVS, it did
not improve the long-term outcomes for patients with SAH
(Macdonald et al, 2011). Previous studies report that statins
can protect against CVS and EBI after SAH (Chen J. H. et al,,
2016; Chen et al,, 2018b, 2020a, 2021); however, another study
indicates that statins together with nimodipine can reduce CVS
and cerebral infarction but have no benefits on 6 months
of clinical outcome or 30-day all-cause mortality (Chen
et al,, 2020b). Additionally, magnesium is gaining widespread
attention; however, it has also proven to be ineffective in Phase 2
randomized controlled trials (Mees et al., 2012). Recent clinical
studies on cilostazol have demonstrated that it can significantly
reduce the incidence of cerebral infarction, delay ischemia
after SAH (Sugimoto et al, 2018), reduce the occurrence
of secondary stroke and improve the prognosis of patients
(Shinohara et al, 2010; Toyoda et al, 2019). However, its
effect on ameliorating CVS and micro thrombosis after SAH
and improving prognosis require further study using a large
sample, multicentre, randomized controlled trial. Additionally,
the relationship between CVS and neuronal necrosis after SAH
remains unclear and requires further exploration.

Brain oedema

Brain oedema after SAH can be divided into three types:
vasogenic cerebral oedema, cytotoxic cerebral oedema, and
mixed cerebral oedema (Nag et al,, 2009). Vasogenic cerebral
oedema is the most common type of brain oedema in the
clinical setting, whereas cytotoxic cerebral oedema is caused
by increased permeability due to cell membrane disruption
and swelling (Kaufmann and Cardoso, 1992). Notably, after
SAH, different types of cerebral oedema mainly occur at
different periods and stages (Nag et al., 2009). The expression
of matrix metalloproteinase-9 is increased after SAH, which
leads to the destruction of tight junction proteins between the
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vascular endothelium and subsequently results in the increased
permeability of the blood-brain barrier and aggravated brain
oedema (Lee et al., 2007; Sun X. G. et al., 2019). The activation of
aquaporin-4 (AQP4) is also an important mechanism affecting
brain oedema, wherein water molecules enter brain tissues
in large quantities through the activated AQP4 and then
aggravate brain oedema and neuronal necrosis in cytotoxic
cerebral oedema (Huang et al, 2014; Chen J. H. et al,
2016). In vasogenic cerebral oedema, AQP4 plays an important
role in improving oedema, which was confirmed by the
significantly reduced rate of resolution of cerebral oedema
in AQP4 knockout cells (Papadopoulos et al.,, 2004; Tourdias
et al,, 2011). Progressive cerebral oedema leads to increased
ICP and malignant intracranial hypertension and subsequently
to cerebral ischemia and neuronal necrosis (Bjerring et al,
2011; Halstead and Geocadin, 2019). Therefore, the early
management of cerebral oedema after SAH is vitally important
in improving the prognosis of patients with SAH, especially
those with poor-grade aneurysmal SAH. Powell et al. (1976)
also reported that the extent of swelling was significantly
decreased with a dehydrating agent (mannitol) treatment and
osmolality elevation decreased the extent of eventual myocardial
necrosis. Additionally, dehydrating agents also improve brain
tissue oxygenation by limiting astrocyte swelling and restoring
capillary perfusion, thereby alleviating early brain injury
(Halstead and Geocadin, 2019). Hence, exploring the treatment
of neuronal necrosis with dehydrating drugs and AQP4-based
targeted drugs has therapeutic potential.

Neuronal apoptosis

The mechanical compression of hematoma, toxic damage
of hemoglobin and oxidative stress lead to the extensive
apoptosis of cortical neurons and hippocampal neurons
after SAH (Chen J. H. et al, 2016; Chen et al, 2018b,
2019¢). The complex process of neuronal apoptosis involves
exogenous death receptor pathways, P53-mediated apoptosis
pathways, caspase-dependent and -non-dependent pathways
and endogenous mitochondrial pathways (Gao et al, 2000;
Sendoel et al, 2010). The BcL-2 gene family promotes the
release of cytochrome C from the mitochondrial membrane
and its binding with apoptosis protease activating factor 1
(Apaf-1) to regulate mitochondrial membrane permeability
(Hasegawa et al,, 2011; Jaafaru et al, 2019). The c/Apaf-
1 complex further regulates the activation of the apoptosis
factor Caspase-3 and induces neuronal apoptosis (Hasegawa
et al, 2011). Recent study report that a novel membrane-
bound bile acid receptor (TGR5) is involved in the process
of oxidative stress and apoptosis, wherein TGR5 and its
agonists inhibit neuronal apoptosis and improve neural function
via the cAMP/PKCe/ALDH2 pathway in a rat SAH model
(Zuo et al, 2019). Furthermore, protein-coupled receptor 30
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(GPR30) and its agonist Gl are also involved in neuronal
apoptosis after SAH, which can inhibit neuronal apoptosis
through the src/EGFR/STAT3 signaling pathway (Peng et al,
2019). A previous study showed that statins can alleviate
neuronal apoptosis and EBI by inhibiting caspase-3 after
SAH (Chen J. H. et al, 2016). Additionally, Netrin-1 can
activate PPARy and Bcl-2 expressions, inhibit the proapoptotic
factors Bax and NF-kB and ameliorate EBI after SAH (Chen
et al, 2019¢). Similarly, Gao et al. also reported that the
early overexpression of PDK4 after SAH has the potential to
attenuate neuronal apoptosis by reducing oxidative stress via
the ROS/ASK1/P38 pathway (Gao X. et al, 2022). A recent
study also demonstrated that early fluoxetine administration can
protect against apoptosis by regulating the Notch1/ASK1/p38
MAPK signaling pathway, thereby ameliorating EBI after SAH
(Liu M. et al, 2022). Neuronal apoptosis caused by SAH
is widely and thoroughly studied, involving many signaling
pathways and molecular mechanisms. Future studies need to
assess and identify specific molecular mechanisms that can be
regulated in the induction of apoptosis, thereby contributing
to the development of clinically viable treatment options
(Figure 2).

Neuronal pyroptosis

Pyroptosis, a newly reported cell death mechanism, is a form
of programmed neuronal cell death initiated by Caspase-1 and
an important cause of neurological damage (Bergsbaken et al,
2009). Pyroptosis, which was first proposed in 2001, differs from
apoptosis with respect to its mechanism, which is associated
with inflammation (Aglietti et al, 2016; Liu et al, 2016;
Vande Walle and Lamkanfi, 2016). Pyroptosis is a programmed
cell death mediated by GSDMD (gasdermin protein family,
including Gasdermin A, Gasdermin B, Gasdermin C, DFNA5
and DFNB59), with the inflammasome playing an important
role in the pyroptosis process (Kayagaki et al., 2015). Gasdermin,
an important element of cell pyrosis, is also widely distributed
in the central nervous system (Bergsbaken et al,, 2009). Hence,
neuronal pyrosis plays an important role in the development
of central nervous system-related diseases and is an important
mechanism of brain injury (Ito et al,, 2015; Van Rossom et al.,
2015; An et al.,, 2019; Kuwar et al., 2019; She et al., 2019;
Sun Y. B. et al, 2019). In the classic Caspase-1-induced cell
pyroptosis process, inflammasomes (NLRP1, NLRP3, NLRC4
and AIM2) sense the danger signal and induce the connector
molecule ASC to activate Caspase-1, thus cleaving GSDMD
(Swanson et al,, 2019; Chen et al., 2022). Subsequently, cellular
pores are formed on the cell membrane, which results in water
and ion influx and ultimately cell swelling and death (Shi
et al,, 2015; Broz and Dixit, 2016). Non-classical pathway-
induced cell pyroptosis is activated by the oligomerization
of the non-classical inflammasome (in mice, a complex of
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Caspase-11 precursors and lipopolysaccharides), which binds
the intracellular Caspase-11 precursors to lipopolysaccharides
(Abu Khweek and Amer, 2020). Following this, GSDMD is
cleaved by activation of the Caspase-4/5/11 pathway, which is
independent of Caspase-1, to induce cell pyroptosis (Kayagaki
etal.,, 2013; Diamond et al,, 2015). Moreover, in animal ischemic
stroke experiments, microglial TREM-1 induced the activation
of spleen tyrosine kinase (SYK), which increased the level
of the N-terminal fragment of GSDMD (Liang et al., 2020).
Thereafter, pores were formed in the microglia to promote
the release of intracellular inflammatory factors, leading to the
pyroptosis of the microglia. Additionally, microglial TREM-
1 receptors bind to SYK and induce neuroinflammatory
damage after stroke (Xu et al, 2019). Kuwar et al. (2019)
also reported that inflammasome inhibitors could significantly
inhibit the pyroptosis of neurons and improve brain injury after
traumatic brain injury. Additionally, statins have been reported
to improve neurological outcomes and reduce neuronal
death against neural pyroptosis and neuroinflammation in
an animal SAH model (Chen et al, 2021). Gu et al. (2022)
demonstrated that the activation of RKIP could attenuate
neuronal pyroptosis and brain injury after ICH through the
ASC/Caspase-1/GSDMD pathway. Similarly, the inhibition of
the pyroptosis of astrocytes and microglia in the central
nervous system can also indirectly inhibit the pyroptosis of
neurons, thereby protecting neurons and alleviating brain injury
(Chavez et al, 2021; Kerr et al, 2022). Collectively, these
studies highlight the sophisticated interplay between pyroptosis-
related molecules and inflammasome components that could be
leveraged to prevent hyperinflammation after SAH (Figure 3).
Thus, pyroptosis can be a new research direction in the
exploration of the mechanism of SAH.

Neuronal autophagy

Autophagy is a cellular repair process that stabilizes the
intracellular environment via the lysosomal degradation of
selected cytoplasmic components and programmed death of old,
dysfunctional or unnecessary cytoplasmic entities (Ho et al,
2018). Autophagy is tightly regulated and involves multiple
molecular mechanisms; autophagy plays an important role after
SAH (Chen J. et al., 2014; Li et al., 2017; Ho et al., 2018; Sun
C.etal, 2019; Sun C. M. et al., 2019). The main morphological
changes have been observed in the autophagosomes and
autophagolysosomes under an electron microscope (Harris and
Rubinsztein, 2012; Chen J. et al.,, 2014; Li et al, 2017; Ho
et al,, 2018; Sun C. et al., 2019; Sun C. M. et al., 2019). Lee
et al. (2009) reported that neuronal autophagy was significantly
activated in the early injury stage of SAH, and different modes
of autophagy activation in different parts of SAH indicated
different injury mechanisms. Wang et al. (2012) reported
that a small amount of autophagy exists in normal brain
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neurons; however, it is activated in large quantities after SAH.
Autophagy can improve cerebral oedema, protect the blood-
brain barrier, reduce cortical neuronal apoptosis and improve
clinical prognosis after intervention with rapamycin (RAP)
and 3-methyladenine (3-MA) (Hu X. et al,, 2022; Pang et al,
2022). Lu et al. reported that melatonin enhances autophagy
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in brain vessel endothelial cells, then protect blood-brain
barrier integrity. In the animal CVS model after SAH, the
autophagy pathway was activated in the basilar artery wall
after SAH, and CysC-induced autophagy played a beneficial
role in preventing SAH-induced CVS (Liu et al, 2013).
Additionally, many autophagy-related drugs have achieved
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good neuroprotective effects in basic research (Li et al., 2017;
Chen et al., 2020a; Du et al,, 2021; Chang et al., 2022). Sun C.
et al. (2019) reported that osteopontin enhanced the autophagy
response after SAH via the activation of the FAK-ERK signaling
pathway, thereby improving long-term neurological function.
Furthermore, Li and Han (2018) confirmed using in vivo
and in vitro models that resveratrol increased the LC3-1I/I
ratio, AMPK phosphorylation and SIRT1 expression, thereby
activating autophagy and reducing the release of inflammatory
factors and neuronal apoptosis. Li et al. (2017) reported that
fluoxetine significantly decreased the expression of NLRP3
and Caspase-1 and upregulated the expression of Beclin-
1, which was reversed by the autophagy inhibitor 3-MA.
Additionally, fluoxetine can enhance autophagy by inhibiting
the activation of the NLRP3 inflammasome, thus playing
a neuroprotective role, which could be attributed to the
interaction between autophagy and pyroptosis (Li et al., 2017).
Arachidonyl-2-chloroethylamide (ACEA), a highly selective
CBIR agonist, was also reported to alleviate oxidative stress
and neurological dysfunction by promoting mitophagy after
SAH via the CBIR/Nrfl/PINK1 signaling pathway (Liu B.
et al,, 2022). Similarly, Zeng et al. (2021) demonstrated that
the autophagy protein NRBF2 alleviated endoplasmic reticulum
stress-associated neuroinflammation and oxidative stress by
promoting autophagosome maturation, which occurs through
interactions with Rab7 after SAH, and ultimately improving
EBI. Hence, autophagy plays an important role in neuronal
death, blood?brain barrier and CVS after SAH. Further studies
focusing on elucidating the structural basis of the autophagy
interaction for pyroptosis induction and developing autophagy-
related drugs need to be explored in clinical trials (Figure 4).

Neuronal necroptosis

Necroptosis is a regulated form of cell death that relies
heavily on receptor interactions of serine-threonine kinase
3 (RIPK3) and the mixed lineage kinase domain (MLKL)
and usually presents with morphological characteristics of
necrosis (Galluzzi et al,, 2017). Unlike apoptosis, necroptosis
is a caspase-independent mode of cell death. It is now
known that serine/threonine kinases RIPK1, RIPK3 and MLKL
are critical for necroptosis induced by the tumour necrosis
factor (TNF) (Holler et al,, 2000; He et al., 2009)superfamily,
TLR3 or TLR4 and interferon receptors (Kaiser et al., 2013).
TNF-a-induced necroptosis is the most characteristic signal
transduction pathway. TNF-a homotrimer binds to TNF-1 to
form a membrane signaling complex-1, which includes TRADD,
RIPK1, TRAF2 and cIAP1/cIAP2, and subsequently activates
NF-kB and MAP kinases (Chen and Goeddel, 2002). The
polyubiquitination of RIPK1 by CIAP1/CIAP2 and LUBC is
essential for the activation of the NF-kB signaling pathway
(Gerlach et al, 2011). RIPK1 and RIPK3 in the necrosome

Frontiers in Cellular Neuroscience

50

10.3389/fncel.2022.1025708

are phosphorylated by their amino-terminal kinase domains,
resulting in cell death through a signaling cascade (He et al,
2009). A previous review summarized that necroptosis is
widely associated with various cardiovascular diseases, nerve
regeneration diseases, kidney injury and other diseases (Galluzzi
et al,, 2017). Degterev et al. (2005) observed that necroptosis
leads to delayed ischemic brain injury in mice through a
mechanism that is different from apoptosis, thereby identifying
a previously undescribed basic cell death pathway and providing
a new therapeutic target for stroke. Chen et al. (2019a)
reported that anti-TNF-a treatment can significantly improve
endothelial cell necroptosis and blood-brain barrier damage
and further improve nerve function after stroke. In a SAH
experimental study, celastrol administration decreased the
expression levels of necroptosis-related proteins RIPK3 and
MLKL, which exhibited neuroprotective effects on EBI (Xu et al.,
2021). Similarly, necrostatin-1, a small-molecule inhibitor of
necroptosis, can potentially prevent SAH-induced necroptosis
by suppressing the activity of the RIPK3/MLKL signaling
pathway (Chen et al, 2019b). Therefore, the inhibition of
necroptosis can significantly improve neural function, and
its mechanism could be related to the phosphorylation of
RIPK1 and RIPK3 (Shen et al, 2017; Yuan et al, 2019).
Yang et al. (2018) reported that the specific and potent
inhibitor of necroptosis Necrostatin-1 (Nec-1) mitigated SAH-
induced synaptic impairments in the hippocampus by inhibiting
necroptosis via the CREB-BDNF pathway. Additionally, Nec-
1 has been reported to prevent CVS in animals models
(Sahin et al, 2021). However, the clinical efficacy of drugs
targeting the mechanism of necroptosis remains unclear owing
to a lack of relevant clinical studies. Further studies on anti-
necroptosis-related drugs that can be used in clinical settings
against brain injury after SAH are essential. Additionally,
clinical trials should be performed to evaluate the safety and
clinical efficacy of anti-necroptosis-related drugs, such as Nec-1
(Figure 5).

Neuronal ferroptosis

Recently, a newly identified cell death mechanism called
ferroptosis has been widely explored. It is a non-apoptotic
form of iron-dependent programmed cell death and differs
from traditional cell death processes, such as apoptosis
and autophagy (Dixon et al, 2012; Chen et al, 2020c).
Moreover, ferroptosis cannot be completely inhibited by
necroptosis/apoptosis/autophagy-related ~ inhibitors  and
(Zille et 2017). The
classical morphological characteristics of ferroptosis are

intracellular calcium overload al.,
the disappearance of the mitochondrial cristae, significantly
narrowed mitochondria, thickening of the lipid bilayer
membrane and reduced cell connections that lead to
2020¢). Furthermore, the

cell separation (Chen et al,
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biological characteristics mainly include the metabolic (ROS) and decreased levels or inhibition of glutathione
dysfunction of iron ions, depletion of glutathione (GSH), peroxidase 4 (GPX4) (Chen etal,2020c). The mechanisms
accumulation of iron-dependent lipid reactive oxygen species of ferroptosis are complex and involve various cell signaling
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(Chen et al., 2020c, 2021). studies have

also confirmed that ferroptosis is widely observed in

pathways Recent
diseases of the central nervous system, including cerebral
ischemia/reperfusion (Tuo etal, 2022), SAH (Gao S. et al,
2022), ICH (Dharmalingam et al,, 2020) and traumatic brain
injury (Rui et al, 2021). The GPX4-GSH-cysteine system,
FSP1-CoQ10-NAD (P)H system and GCHI1-BH4-DHFR
system are the primary anti-ferroptosis systems. A better
understanding of three primary anti-ferroptosis systems aids in
developing better therapeutic strategies for patients with brain
injury after SAH (Figure 6).

GPX4-GSH-cysteine system

Ferroptosis was first reported to induce iron-dependent cell
death via the small molecules erastin and 1S,3R-RSL3 (RSL3),
a classical feature of ferroptosis is that it is independent of
Caspase activation after erastin and RSL3 treatment (Dixon
et al, 2012; Wang et al,, 2016). Erastin targets the Xc- system
(comprising SLC3A2 and SLC7A11), which transports cysteine
into cells and glutamate out of cells, Cysteine is required for
the synthesis of GSH, an important antioxidant that protects
cells from oxidative damage (Dixon et al., 2012). Furthermore,
erastin inhibits intracellular cysteine, leading to a significant
decrease in intracellular GSH levels, ROS levels and oxidative
damage (Dixon et al,, 2012). GPX4 is the core of ferroptosis
and requires GSH as a substrate for lipid repair (Yang et al,
2014). Reduced cysteine levels lead to the depletion of GSH
levels and reduction of GPX4 levels and activity, resulting in
the accumulation of unrepaired lipid peroxides and ferrous
ions (Friedmann Angeli et al., 2014; Stockwell et al., 2017).
GSH is a very important component of Fe?T in unstable
iron pools, it binds to Fe?* to prevent lipid peroxidation,
directly inhibiting GSH biosynthesis and triggering ferroptosis
(Hider and Kong, 2011). Additionally, GPX4 can reduce the
level of lipid hydrogen peroxide via GSH and convert it to
ethanol or free hydrogen peroxide (Stockwell et al, 2017;
Gaschler et al.,, 2018; Forcina and Dixon, 2019), which can
be inhibited by RSL-3 (Dixon et al, 2012; Yang et al,, 2014),
and FINO2 (Gaschler et al, 2018). Conversely, selenium is
a key regulator of GPX4 activity (Ingold et al, 2015, 2018;
Friedmann Angeli and Conrad, 2018; Alim et al,, 2019) and its
supplementation after stroke can effectively inhibit ferroptosis
and cell death after haemorrhagic or ischemic stroke (Alim et al.,
2019).

FSP1-CoQ10-NAD(P)H

Recently, a novel apoptosis-inducing factor mitochondria-
associated 2 (AIFM2) gene, also known as AIF homologous
mitochondria-related death inducer, has been reported as
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an anti-ferroptosis gene (Bersuker et al, 2019; Doll et al,
2019). Doll et al. (2019) renamed AIFM2 as FSP1 (ferroptosis
suppressor protein 1, FSP1). It has been reported to supplement
the anti-iron death effect in the absence of GPX4 by using
NAD(P)H to catalyze CoQ10 regeneration and then alleviate
lipid peroxidation. Shimada et al. also confirmed that NADPH
levels could be used as an important marker of the sensitivity of
many cancers cell lines to ferroptosis (Shimada et al., 2016). The
FSP1-CoQ10-NAD(P)H pathway is a parallel anti-ferroptosis
system independent of the cystine-GSH-GPX4 system that
inhibits lipid peroxidation and anti-ferroptosis effects, FSP1
has a dual regulatory role: inducing apoptosis and preventing
ferroptosis (Wu et al., 2002; Bersuker et al., 2019; Dar et al,
2021; Tonnus et al., 2021). Furthemore, the C-terminal fragment
of FSP1 located in the outer membrane of the mitochondria
induced apoptosis while the two N-terminal fragments located
in the nucleus cannot induce apoptosis (Wu et al., 2002). Kaku
et al. (2015) reported that the translocation of endogenous
FSP1 into the nucleus is a necessary step in the apoptosis
mechanism. Additionally, FSP1 is an oxidoreductase of CoQ10
(CoQ10), and the nutmeg acylation of the N-terminal of FSP1
is a lipid modification that promotes FSP1 translocation to
the plasma membrane, thereby mediating NADH-dependent
CoQ reduction on the plasma membrane to inhibit CoQ10
activity (Wu et al, 2002; Bersuker et al, 2019; Dar et al,
2021; Drijvers et al., 2021; Song Z. et al., 2021; Tonnus et al.,
2021). Notably, FSP1 still plays an anti-ferroptosis role even
after GPX4 knockdown. Therefore, FSP1-CoQ10-NAD(P)H is
an independent pathway that cooperates with the cystine-
GSH-GPX4 system to inhibit ferroptosis. In a Parkinson’s
disease model, Song L. M. et al. (2021) demonstrated that
inhibiting the upregulation of long-chain acyl-CoA synthase 4
(ACSL4) and downregulation of ferroptosis inhibitor 1 (FSP1)
can effectively prevent MPTP-induced ferroptosis, thereby
identifying a promising therapeutic target for Parkinson’s
disease.

GCH1-BH4-DHFR

Exogenous dopamine or melatonin has been shown to
inhibit ferroptosis induced by heme (Song L. M. et al, 2021).
Tetrahydrobiopterin (BH4) is a natural nutrient that is involved
in the biosynthesis of neurotransmitters, for example, 5-
hydroxytryptamine, dopamine, adrenaline and melatonin can
be used as cofactors of various enzymes, such as tryptophan
hydroxylase, nitric oxide (NO) synthase and glycerol ether
monooxygenase (Werner et al., 2011). BH4 plays a redox role
in the formation of NO, which is catalyzed by L-arginine
and NADPH (Hu Q. et al, 2022). The oxidation of BH4 to
BH2 leads to the uncoupling of NOS to form O2~, which
reacts rapidly with NO to form peroxynitrite and further
decouple NOS (Song L. M. et al,, 2021). Deng et al. (2020) also
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confirmed that the activation of the NO pathway was associated
with tissue damage related to ferroptosis. Additionally, Soula
et al. (2020) indicated that BH4 synthesis is a necessary
molecule required to protect cells from death. Moreover, the
expression of GTP cyclohydrolase 1 (GCH1) determines the
effectiveness of BH4 and its dependence on GPX4 inhibition
(Kraft et al, 2020; Cronin et al, 2022). BH4 prevents
the accumulation of lipid peroxides independently of its
cofactor and is an effective free radical trapping agent and
antioxidant in the lipid membrane, Dihydrofolate reductase
catalyzes BH4 regeneration, methotrexate and GPX4 have been
reported to synergistically inhibit ferroptosis (Hu Q. et al,
2022). Additionally, GCH1-mediated BH4 production prevents
ferroptosis by inhibiting lipid peroxidation (Kraft et al.,, 2020;
Hu Q. etal,, 2022). In the hypertension model reported by Wang
et al. (2021), the antihypertensive effect of L-phenylalanine
could be mediated by enhancing BH4 biosynthesis and reducing
superoxide levels produced by NO synthase, thereby reducing
ROS and improving NO levels and protecting blood vessels and
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renal function. Hence, the GCH1-BH4 signaling pathway, as an
endogenous antioxidant pathway, inhibits iron death through a
mechanism independent of the GPX4/GSH system (Kuang et al,,
2020; Wei et al., 2020).

Conclusions and prospects

The pathological processes and mechanisms of SAH rupture
are extremely complex. Regardless of the main mechanism,
blood entering the subarachnoid space or brain tissue is
considered the inducer. Furthermore, the subsequent red blood
cell lysis products release various toxic substances and lead to
the death of neurons, ultimately leading to secondary brain
injury (Bulters et al, 2018). Increasing basic studies have
also demonstrated that ferroptosis-specific inhibitors, including
liproxstatin-1 and ferrostatin-1, can decrease lipid peroxidation
and neuronal ferroptosis after SAH in vivo and in vitro by
regulating GPX4 and ACSL4 (Cao et al, 2021; Li et al., 2021;
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Qu et al,, 2021). The present review expounds on the roles and
related mechanisms of neuron necrosis, apoptosis, pyroptosis,
necroptosis, autophagy and ferroptosis in brain injury after
SAH. These mechanisms are interwoven and interact to jointly
regulate brain injury after SAH. Furthermore, we explored the
interrelated molecular mechanisms and targets to provide new
ideas for drug synthesis. This review provides novel research
directions that can aid in improving the prognosis of patients
with SAH.
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Deep brain stimulation (DBS) of the nucleus accumbens (NAc) (NAc-
DBS) is an effective solution to refractory obsessive-compulsive disorder
(OCD). However, evidence for the neurobiological mechanisms of OCD
and the effect of NAc-DBS is still lacking. One hypothesis is that the
electrophysiological activities in the NAc are modulated by DBS, and another
hypothesis is that the activities of neurotransmitters in the NAc are influenced
by DBS. To investigate these potential alterations, rats with quinpirole (QNP)-
induced OCD were treated with DBS of the core part of NAc. Then,
extracellular spikes (SPK) and local field potentials (LFP) in the NAc were
recorded, and the levels of relevant neurotransmitters and related proteins
were measured. Analysis of SPK revealed that the firing rate was decreased
and the firing pattern was changed after NAc-DBS, and analysis of LFP
showed that overall power spectral density (PSD) levels were reduced after
NAc-DBS. Additionally, we found that the relative powers of the theta band,
alpha band and beta band were increased in OCD status, while the relative
powers of the delta band and gamma band were decreased. This pathological
pattern of power distribution was reformed by NAc-DBS. Furthermore, we
found that the local levels of monoamines [dopamine (DA) and serotonin
(5-HT)] and amino acids [glutamate (Glu) and gamma-aminobutyric acid
(GABA)] in the NAc were increased in OCD status, and that the expression
of the two types of DA receptors in the NAc exhibited an opposite
change. These abnormalities could be reversed by NAc-DBS. These findings
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provide a more comprehensive understanding about the function of the NAc
in the pathophysiology of OCD and provide more detailed evidence for the
potential effect of NAc-DBS.

KEYWORDS

deep brain stimulation, therapy, nucleus accumbens, obsessive-compulsive disorder,
electrophysiology in vivo, neurotransmitters

Introduction

Obsessive-compulsive disorder (OCD) is a neuropsychiatric
disease that involves obsessions or compulsions that cause
distress or impair functioning (Hirschtritt et al., 2017). The
prevalence of OCD is 1-3% in general, and 30-40% of OCD
patients develop into refractory OCD (Husted and Shapira,
2004; Groth, 2018). Refractory OCD seriously affects the lives
of patients and their ability to work, and causes great pain
and burden to patients and their families (Pinto et al., 2006;
van Oudheusden et al,, 2020). Therefore, identifying effective
treatments for OCD is very important. As an alternative to
medication, psychotherapy and physical therapy, deep brain
stimulation (DBS) is gaining increasing attention because
it is a reversible and titratable form of neuromodulation
(Kumar et al, 2019; Goodman et al, 2020). The nucleus
accumbens (NAc) is considered as the limbic-motor interface
and plays an important role in brain networks related to
motivation and reward processing (Groenewegen et al., 1996;
Salamone et al., 2007; Nicola, 2010; Floresco, 2015). It has
been suggested that dysfunction of the NAc is associated with
various neuropsychiatric disorders (Mavridis, 2015; Park et al.,
2019; Gendelis et al,, 2021; Bayassi-Jakowicka et al., 2022).
The NAc is one of the most commonly used neurosurgical
targets in the treatment of OCD (Denys et al., 2010; Greenberg
et al, 2010; Huys et al, 2019; Raviv et al,, 2020), however,
there are still many questions related to the use of DBS of
the NAc (NAc-DBS) for the treatment of OCD, because the
relevant underlying pathophysiological mechanisms are unclear,
including the effect of NAc-DBS on neural electrophysiological
activities and neurotransmitters activities.

Spikes (SPK) and local field potentials (LFP) measurements
can be taken to assess neuronal firing characteristics and
synchronous activity of membrane potentials in a large
population of neurons (Buzsdki et al., 2012; Slutzky and Flint,
2017; Hagen et al., 2018; Gonzalez-Escamilla et al., 2020). There
are only a few studies which reported some limited evidence
on the LFP in OCD (McCracken and Grace, 2007; Neumann
et al., 2014; Schiiller et al., 2015; Miller et al., 2019), however,
the LFP activities were mainly focused on cortex but not on
deep NAc region, and the details of LFP and SPK in the
NAc in OCD status and even in the DBS condition are still
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lacking. Moreover, changes in neurotransmitter activity may
underlie OCD and the effect of DBS. In case of the NAc,
its output patterns are relatively simple and mainly consist
of gamma-aminobutyric acid (GABA)ergic projections to the
substantia nigra (SN), ventral pallidum (VP), ventral tegmental
area (VTA) and entopeduncular nucleus (EP) (Figure 1K)
(Heimer et al, 1991; Usuda et al., 1998; Tripathi et al,
2010). However, as opposed to its simple output pattern
which is mainly consisted of GABAergic projections, its input
patterns are quite complicated, the NAc receives various input
projections of many different neurotransmitters from wide brain
regions, including dopaminergic, serotonergic, histaminergic,
cholinergic, glutamatergic projections and so on. To be specific,
the dopaminergic projections to the NAc mainly originate
from the VTA (Figure 1A) (Hadley et al, 2014; Lammel
et al,, 2014; Cooper et al,, 2017), the serotonergic projections
to the NAc mainly originate from the raphe nuclei (RN)
(Figure 1C) (Modell et al., 1989; Kiyasova et al., 2011; Alonso
et al, 2013; Kim et al, 2019), histaminergic projections to
the NAc mainly originate from the tuberomammillary nucleus
(TMN) (Figure 1E) (Zhang et al., 2020; Manz et al.,, 2021),
cholinergic projections to the NAc mainly originate from
the basal forebrain (BF) and pontomesencephalo-tegmental
complex (PTC) (Figure 1G) (Mark et al,, 2011; Laurent et al,
2014; Luchicchi et al., 2014; Gielow and Zaborszky, 2017), and
glutamatergic projections to the NAc mainly originate from
the broad cortex, hippocampus (CA) and basolateral amygdala
(BLA) (Figure 1I) (Walaas, 1981; Tarazi et al., 1998; Saul’skaya
and Mikhailova, 2003; Zhu et al., 2022). Recently, some studies
have revealed changes in the levels of these neurotransmitters
and relevant receptors in OCD, and it is believed that the
disturbances of these substances especially in the regions related
to the cortico-striato-thalamico-cortical (CSTC) circuitry are
normally considered as the basis of OCD (Winslow and Insel,
1990; Fineberg et al., 2011; van Dijk et al., 2012; Haleem et al,,
2014; Pittenger, 2015; Ade et al,, 2016; Vl¢ek et al, 2018;
Zhan et al, 2020; Zai, 2021). Nevertheless, research on the
neurotransmitters that play a role in the NAc is lacking, and it
is still not clear how the activity of these substances changes in
OCD patients after NAc-DBS.

In the present study, a quinpirole (QNP)-induced OCD
rat model was adopted, and the open field test (OFT)
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FIGURE 1
Changes in the levels of neurotransmitters of interest in the NAc in the control, sham stimulation and NAc-DBS groups. (A) Illustration of
dopaminergic projections to the NAc. (B) The bar graph represents the mean level of the response intensity indicating the concentration of DA
in the NAc. (C) Illustration of serotonergic projections to the NAc. (D) The bar graph represents the mean level of the intensity of 5-HT in the
NAc. (E) Illustration of histaminergic projections to the NAc. (F) The bar graph represents the mean level of the intensity of histamine in the NAc.
(G) Illustration of cholinergic projections to the NAc. (H) The bar graph represents the mean level of the intensity of ACh in the NAc.
(1) Illustration of glutamatergic projections to the NAc. (J) The bar graph represents the mean level of the intensity of Glu in the NAc.
(K) Illustration of the GABAergic pathway in the NAc. (L) The bar graph represents the mean level of the intensity of GABA in the NAc. All
illustrations are modified from the stereotaxic atlas of Paxinos and Watson (6th edition). DA, dopamine; VTA, ventral tegmental area; 5-HT,
serotonin; RN, raphe nuclei; TMN, tuberomammillary nucleus; ACh, acetylcholine; BF, basal forebrain; PTC, pontomesencephalo-tegmental
complex; Glu, glutamate; BLA, basolateral amygdala; CA, hippocampus; GABA, gamma-aminobutyric acid; VP, ventral pallidum; SN, substantia
nigra; EP, entopeduncular nucleus. The data are presented as the mean + SEM; n = 11vs. n = 23 vs. n = 21; ***P < 0.0001, **P < 0.01,
*P < 0.05; ns, no significance.

relevant to compulsive checking behavior and the elevated
plus maze (EPM) were used for the behavioral assessment
(Szechtman et al., 1998, 2017; Hoffman, 2011). Given that
the core of the NAc mediates the control of goal-oriented
behaviors and obsessive-compulsive-like behaviors (Di Chiara,

2002; Zhang et al, 2020), micro-electrodes were implanted
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into the NAc core for stimulation and recording. Then SPK
signals were recorded to obtain information about neuronal
firing patterns, including the firing rate and indicators of
interspike interval (ISI), including the coefficient of variance
(CV) and asymmetry index (AI) (Alam et al, 2012, 2015).

On the other hand, LFP signals were recorded to obtain
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information about synchronous activity through analysis of
time-frequency spectrograms and the power spectral density
(PSD) (Geng et al, 2016; Salimpour et al., 2022; Wang et al.,
20225 Yu et al, 2022). To analyze neurotransmitter activity,
dopamine (DA), serotonin (5-HT), histamine, acetylcholine
(ACh), glutamate (Glu) and GABA levels in location of
the NAc were assessed through high-performance liquid
chromatography (HPLC) combined with mass spectrometry
(MS). Additionally, immunofluorescence staining for tyrosine
hydroxylase (TH) and tryptophan hydroxylase-2 (TPH2)
was performed to determine the activity of dopaminergic
neurons in the VTA and serotonergic neurons in the RN,
and DA receptor (DRD1 and DRD2) levels in the NAc
were evaluated by immunohistochemical staining. In general,
through the study from the aspects of neural electrophysiology
and neurotransmitters, we aimed to provide more abundant
evidence for the pathophysiological mechanisms of OCD and
therapeutic mechanisms of NAc-DBS.

Materials and methods
Animals

A total of 120 male adult Sprague-Dawley rats (weighing
290-330 g, Huafukang Animal Centre, China) were used in
this study. The rats were housed in transparent cages in
a temperature- and humidity-controlled environment (25°C,
45%), on a 12 h light/12 h dark cycle, and ad Ilibitum
access to food and water was provided. All the animal
experimental and care procedures were approved by the
Biomedical Research Ethics Committee of West China Hospital
(Protocol Number: 20211434A).

Experimental design

First, the rats were randomly divided into 2 groups: the
control group (subcutaneous injection of saline) and the OCD
group (administration of QNP). After OCD animal modeling
and behavioral evaluation, the rats in the OCD group were
randomly divided into 2 groups: the sham stimulation group
(recording but no stimulation) and the NAc-DBS group (DBS
at set parameters and recording). The whole procedure is shown
in Figure 2.

OCD animal model and behavioral
assessment
The rats in the OCD group were given subcutaneous

injections of QNP (Sigma-Aldrich, US, 0.5 mg/kg) twice a week
for 5 weeks. The rats in the control group received subcutaneous
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injections of saline twice a week for the same time. During the
last week, 10 min after each injection, the rats in both groups
were subjected to the OFT relevant to compulsive checking
behavior. The Visu Track system (XinRuan Technology, China)
was used to monitor the rats for 30 min on a 100 x 100 cm
table containing four 8 x 8 cm boxes (2 in the center area and
2 in the corner) as potential home bases. The home base was
identified as the box with the highest number of visits, and the
number of home base visits and total moving distance in the
OFT were measured. In addition, the EPM was conducted to
evaluated the condition of anxiety, the EPM was composed of
two closed arms (50 x 10 cm) and two open arms (50 x 10 cm),
the walls surrounded the closed arms were 30 cm high, and
the maze was elevated 50 cm above the floor. The rats in each
group were placed individually in the central zone of the EPM
directing to one open arm, and then the Visu Track system was
used to monitor the rats for 5 min. After the monitoring, the
percentage of visit times to closed arms and the percentage of
total spent time in the closed arms were calculated subsequently.
The average measures from 2 experiments in the last week were
used as the final results of behavioral evaluation.

Electrode implantation

The stimulation and recording micro-electrodes were
constructed based on the semi-finished products (#366-080906-
22, Alpha-Omega, Israel). The rats were placed on a stereotaxic
apparatus after anesthetization with isoflurane (RWD Life
Science, China). According to the stereotaxic atlas of Paxinos
and Watson (6th edition), the micro-electrodes were implanted
in the core of the left NAc (AP = + 2.00 mm, ML = + 1.60 mm,
DV = —7.20 mm), as shown in Figure 3A. Moreover, 3 screws
were placed on the skull as anchors for the ground wire of
the micro-electrodes. The holes were drilled properly after the
appropriate locations were measured and marked on the skull.
A micro-electrode was attached to the holder and lowered into
the NAc perpendicularly through the drilled hole slowly. The
micro-electrode and screws were fixed securely with dental
cement. After the operation, the rats were given penicillin
(Sigma-Aldrich, US, 100 mg/kg, i.p.) and carprofen (Sigma-
Aldrich, US, 10 mg/kg, i.p.) every day for 3 days.

Stimulation and electrophysiological
signals acquisition

After recovery, a stimulation program based on the most
commonly used parameters was administrated to the rats in the
NAc-DBS group. A bipolar biphasic current-controlled pulse
that was rectangular in shape (90 ws negative/90 s positive)
and had a frequency of 130 Hz and current intensity of 150 pA
was delivered for 1 h/day for 5 days. When the stimulation
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FIGURE 2

Graphical presentation of the timeline of the whole experiment design.

was finished, the in vivo neural electrophysiological signals were
recorded by the AlphaLab SNR system (Alpha-Omega, Israel).
The original signals were split into SPK and LFP activity by
digitization at different sampling rates of 22000 and 1375 Hz,
and band-pass filtering at 300-9000 and 0.5-200 Hz. The online-
sorted SPK signals and the raw LFP signals were both saved for
further offline analysis.

The SPK signals were analyzed with Spike2 (Cambridge
UK) (Nex
Technologies, US), and the firing rate and ISI were analyzed to

Electronics  Designs, and NeuroExplorer
evaluate the firing pattern of the neurons in the NAc. The mean
firing rate, which represented the extent of neuronal activity,
was defined as the number of spikes divided by the duration of
the period; the CV, which represented the whole dispersion, was
defined as the standard deviation of the ISI divided by the mean
IST; and the AL, which provides information about the shape of
the ISI distribution curves, was defined as the mode of the ISI
divided by the mean ISI.

In addition, the LFP signals were analyzed with
NeuroExplorer and its extended scripts in MATLAB 2017a
(MathWorks, US), and time-frequency spectrogram analysis
and PSD analysis were performed to assess the extracellular
postsynaptic membrane potential changes in the NAc. It is
worth noting that the division of different frequency bands in
the present study was as follows: delta band (1-3 Hz), theta
band (3-7 Hz), alpha band (7-12 Hz), beta band (12-30 Hz)
and gamma band (30-80 Hz).

Slice preparation and immunostaining
After the signals were collected, the rats in each group were

sacrificed using a lethal dose of sodium pentobarbital. The rats
were perfused with 150 mL 0.01 M phosphate-buffered saline
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(PBS) and 150 mL of 4% paraformaldehyde (PFA). Then, the
rat brains were removed, and tissue blocks containing the NAc,
VTA and RN were dissected out. Then, 4 pm coronal paraffin
sections were prepared.

Ventral tegmental area (VTA) sections were used for TH
immunofluorescence staining, and RN sections were used
for TPH2 immunofluorescence staining. After heat-induced
antigen retrieval in a water bath (97°C, 40 min) and citrate
buffer (pH = 6.0), the sections were blocked with 5% bovine
serum albumin (BSA) at 37°C for 1 h and incubated with
primary antibodies (anti-TH, Abcam, UK, #ab6211, 1:1000;
anti-TPH2, Abcam, UK, #ab288067, 1:300) at 4°C overnight.
The sections were then washed with 0.01 M PBS (3 x 10 min)
and incubated with the corresponding secondary antibodies
(Alexa Fluor® 568, Abcam, UK, #ab175692, 1:200) at 37°C for
1 h. The sections were incubated with DAPI (1:1000) at room
temperature for 10 min and then washed with 0.01 M PBS
(3 x 10 min).

Nucleus accumbens (NAc) sections were used for
immunohistochemical staining of DRD1 and DRD2. After
antigen retrieval as described above, endogenous peroxidase
activity was blocked with 3% H,O, at room temperature
for 30 min. The sections were then blocked with 5% BSA
(37°C, 1 h) and incubated with primary antibodies (anti-
DRDI1, Abcam, UK, #ab279713, 1:500; anti-DRD2, Affinity
Biosciences, Australia, #DF10211, 1:100) at 4°C overnight.
The sections were then washed with 0.01 M PBS (3 x 10 min)
and incubated with the corresponding secondary antibodies
(horseradish  peroxidase-conjugated anti-rabbit secondary
antibodies, Jackson, US, #111-035-003, 1:200) at 37°C for
1 h. Subsequently, the sections were incubated with DAB
for chromogenic staining and then washed with 0.01 M PBS
(3 x 10 min).
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FIGURE 3

Location instruction and behavioral assessments. (A) Schematic diagram indicating the location of the micro-electrode in the NAc, modified
from the stereotaxic atlas of Paxinos and Watson (6th edition). (B) Traces and 2D heatmaps of rats injected with QNP (OCD) and saline (control)
in the OFT. (C) The bar graphs represent the level of number of home base visits and total moving distance in the OFT, by the control and OCD
groups. (D) 2D heatmaps of rats in the EPM. The horizontal direction represents the closed arms, and the vertical direction represents the open
arms. (E) The bar graphs represent the level of percentage of visit times to closed arms and percentage of total spent time in closed arms. OCD,
obsessive-compulsive disorder; QNP, quinpirole; OFT, open field test; EPM, elevated plus maze; DBS, deep brain stimulation; HPLC,
high-performance liquid chromatography; MS, mass spectrometry; NAc, nucleus accumbens. The data are presented as the mean £ SEM; n = 8
vs. n = 92; ***P < 0.0001; ns: no significance.

Immunofluorescence staining images were acquired with an Sam ple prepa ration for ta rgeted

inverted laser confocal microscope (Nikon, Japan, N-STORM & metabolomics and data collection
Al). Immunohistochemical staining images were acquired with

amultispectral panoramic microscope (PerkinElmer, US, Vectra After signals were collected, the rats in each group
Polaris). Imaging parameters were kept consistent among were decapitated, and then brain samples (the ipsilateral
sections for the same antibody. The immunofluorescence NAc) were rapidly harvested, placed in cryogenic vials and
intensity was measured by NIS-Elements Analysis 5.21.00 frozen in liquid nitrogen. The brain tissues (10 mg) were
(Nikon, Japan), and the integrated optical density (IOD) was weighed and homogenized (4°C, 6.5 m/s, 4 x 30 s/cycle)
measured by Image-Pro Plus (Media Cybernetics, US). in 200 pL methanol containing internal standards (—80°C,
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FIGURE 4

Alterations in the firing rate and firing patterns of neurons in the NAc. (A) Representative distribution curves of interspike intervals of control,
sham stimulation and NAc-DBS groups. (B) The bar graph represents the mean level of firing rates. (C) The bar graphs represent the mean and
the mode of ISI. (D) The bar graphs represent the level of CV and Al of ISI. ISI, interspike interval; CV, coefficient of variance; Al, asymmetry index.
The data are presented as the mean + SEM; n = 24 vs. n = 47 vs. n = 48; P < 0.0001, **P < 0.001, *P < 0.01, *P < 0.05; ns, no significance.

13C5-Glutamic  acid-'>N/**C6-Glucose, Cambridge Isotope
Laboratories, UK). Then, 800 wL methanol without internal
standards (—80°C) was added, and the mixture was vortexed
(4°C, 1500 rpm, 3 min). The samples were sonicated in an
ultrasonic water bath (10 min), vortexed (4°C, 1500 rpm,
3 min) again and centrifuged (4°C, 13300 rpm, 15 min). The
supernatants (800 LL) were transferred to new centrifuge tubes
and dried in a centrifugal vacuum evaporator at 30°C. The
samples were reconstituted in 500 pwL of mobile phase A
(water:acetonitrile = 9:1, 0.2% acetic acid, 10 mM ammonium
acetate):mobile phase B (water:acetonitrile = 1:9, 0.2% acetic
acid, 10 mM ammonium acetate) (3:7) containing 13Co-
L-tyrosine-1>N/13Cl-lactate (Cambridge Isotope Laboratories,
UK), vortexed for 10 min at 1500 rpm and centrifuged for
10 min at 13300 rpm (4°C).

An HPLC system (Shimadzu Corporation, Japan, LC-
30AD) coupled with a triple quadrupole MS system (Sciex,
US, Q-Trap 5500) equipped with a turbo ion spray source,
including scheduled MRM positive mode and negative mode,
was used for HPLC-MS analysis. Chromatographic separation
was performed at 40°C on a Acquity UPLC BEH Amide column
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(1.7 pm, 2.1 x 100 mm, Waters, UK). The gradient elution
was as follows: 0.0~0.1 min: 10% A; 0.1~1.5 min: 10% A;
1.5~5.0 min: 55% A; 5.0~10.0 min: 55% A; 10.0~12.0 min: 10%
B; and 12.0~25.0 min: 10% A. The flow rate was 0.3 mL/min,
the autosampler temperature was 6°C, and the sample injection
volume was 2 pL for positive mode and 10 pL for negative
mode. The ion source parameters: ion spray voltage: 4000 V;
temperature: 650°C; gas-1: 50 psi; gas-2: 40 psi; and curtain gas:
35 psi. The raw data were uploaded to MultiQuant software
(Sciex, US, V2.0.3) for pretreatment. Then, data collected
for the main neurotransmitters of interest were extracted for
further processing.

Statistical analysis

All the data are expressed as the means + standard errors
of the mean. Statistical analyses were conducted using SPSS
22. For comparison between two independent groups, the
D’Agostino Pearson method was used to test normality, and
homogeneity of variance was tested by F-test, then Students
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t-test was suitable to taken for analyzing. For comparisons
among three independent groups, the D’Agostino Pearson
method was used to test normality, and homogeneity of
variance was tested by Brown-Forsythe method, then one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was suitable to taken for analyzing. P < 0.05
was considered significant, and P < 0.01 was considered
highly significant.

Results

Compulsive checking behavior and
anxiety behavior

After 10 injections, rats administered QNP exhibited stable
compulsive check behavior. Moreover, unlike the saline-treated
rats, the QNP-treated rats did not explore the whole open
field arena and focused on specific objects as their home base
(Figure 3B). Compared with the control rats, the QNP-treated
rats exhibited increases in the number of home base visits and
the total distance traveled (n = 8 vs. n = 92) (Figure 3C).
However, there were no significant differences in anxiety-related
behaviors (Figures 3D, E).

Alterations in SPK activity in the NAc

A total of 24 neurons from the control group, 47 neurons
from the sham stimulation group and 48 neurons from the
NAc-DBS group were recorded. The neurons from each group
were classified as a single type based on the SPK duration and
firing properties. Representative distribution curves of ISI are
shown in Figure 4A. The firing rate was obviously increased
in rats in the sham stimulation group compared with those in
the control group, and the firing rate in the NAc decreased after
application of NAc-DBS (Figure 4B). The ISI mean and mode
were lower in the sham stimulation group than in the control
group and were restored to a certain extent following NAc-DBS
(Figure 4C). Additionally, we found that the CV of neurons
in the NAc-DBS group was increased compared with that of
neurons in the control group but did not differ from that of
neurons in the sham stimulation group. Moreover, no significant
difference in the AI among three groups was found at present
(Figure 4D).

Alterations in LFP activity in the NAc

Local field potentials (LFP) signals were obtained from
each 10 s segment of recordings from the NAc in the control
group (n = 8), the sham stimulation group (n = 34) and the
NAc-DBS group (n = 28). Visual inspection of representative
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time-frequency spectrograms and averaged PSD curves with
95% confidence intervals showed that the power of low
frequency bands was increased in the OCD model group
compared with the control group and that the overall power
levels were decreased in rats treated with NAc-DBS (Figures 5A,
B). For further evaluation of the PSD in the NAc, the relative
powers of the different bands were calculated and compared
(Figure 5C). Compared with those in the control group, rats
in the sham stimulation group showed higher relative power in
the theta band, alpha band and beta band oscillatory activity in
the NAc, and these changes in the alpha band and beta band
were reduced in rats treated with NAc-DBS. However, there was
no difference in the theta band after NAc-DBS. The rats in the
sham stimulation group and NAc-DBS group showed a lower
relative power in the delta band than the control group, but
there was no noticeable difference between the sham stimulation
and NAc-DBS groups. The relative power of the gamma band
(30-80 Hz) was lower in the sham stimulation group than
in the control group and it was even lower in the NAc-DBS

group.

Changes in dopaminergic neurons in
the VTA and serotonergic neurons in
the RN

Staining for TH was conducted to visualize dopaminergic
neurons in the VTA, and staining for TPH2 was performed
to visualize serotonergic neurons in the RN. As shown in the
immunofluorescence images in Figures 6A, B, no noticeable
difference in cell morphology was observed among the different
groups. Furthermore, analysis of fluorescence intensity did not
reveal any significant difference (n = 10 vs. n = 19 vs. n = 19)
(Figures 6E, F).

Changes in DRD1 and DRD2 expression
in the NAc

The core part and shell part of the NAc, which exhibit
diffuse expression of DRD1 and DRD2, respectively, were
observed separately by immunohistochemical staining. No
obvious differences in cell morphology or density were found
among the different groups. The intensity of DRDI staining in
the NAc core was weaker in the sham stimulation group and
NAc-DBS group than in the control group, and the intensity
of DRD2 staining in the NAc core was stronger in the sham
stimulation group than in the other two groups (Figures 6C, D
upper). However, there was no difference in staining intensity in
the NAc shell (Figures 6C, D lower). Moreover, analysis of the
IOD revealed a consistent trend (n = 8 vs. n = 17 vs. n = 15)
(Figures 6G, H).
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FIGURE 5
Illustrations of the difference in LFP activity in the NAc. (A) Representative time-frequency spectrograms in 10 s showing the power level of LFP
from 1 to 80 Hz in the NAc of the control, sham stimulation and NAc-DBS groups. (B) The mean PSD curve with 95% confidence interval from 1
to 80 Hz. (C) The bar graphs represent the mean level of relative LFP powers of the delta band, theta band, alpha band, beta band and gamma
band in the NAc in the different group. PSD, power spectral density. The data are presented as the mean & SEM; n = 8 vs.n = 34 vs. n = 28;
P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; ns, no significance.

Relative changes of in
neurotransmitter levels in the NAc

A total of 11 samples from the control group, 23 samples
from the sham stimulation group and 21 samples from the
NAc-DBS group were collected. The level of DA in the NAc
was increased in the sham stimulation group compared to the
control group and decreased in rats treated with NAc-DBS
(Figure 1B). The level of 5-HT in the NAc decreased in the
NAc-DBS stimulation group compared to the sham stimulation
group but did not differ between the control group and the sham
stimulation group (Figure 1D). Moreover, we did not detect
any significant differences in the levels of histamine and ACh
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in the NAc among the different groups (Figures 1F, H). Glu
and GABA levels were increased in the sham stimulation group
compared to the control group and restored to normal levels
after NAc-DBS (Figures 1], L).

Discussion

The hypothesis of this study is that there were some
underlying disturbance both in the neural electrophysiological
activities and neurotransmitters activities in the NAc, and
NAc-DBS could modulate and correct these disturbance both
in electrical and chemical ways. To determine the potential
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mechanism by which NAc-DBS can alleviate QNP-induced
OCD in rats, we systematically investigated the effect of NAc-
DBS on electrophysiological activities in vivo and relevant
neurotransmitter activities. This study could be the first one
to systematically explore the electrophysiological characteristics
of the NAc in OCD and DBS conditions not only from LFP
but also SPK, and it could also be the first one to roundly
explore the neurotransmitter changes in the NAc in OCD and
DBS conditions. In general, successful induction of OCD in
rats upon chronic administration of QNP was confirmed by
relevant behavioral tests. A micro-electrode was implanted into
the core part of NAc to obtain information about SPK and
LFP in the NAc under different conditions, and the levels of
neurotransmitters of interest at the tissue level were measured
through HPLC-MS.

This study provides direct evidence that OCD and high-
frequency DBS of the NAc core have different effects on
neuronal firing patterns and synchronous fluctuations in large
populations of neurons in the NAc. The SPK activity of NAc
neurons was significantly different between rats in the sham
stimulation group and rats in the control group, and the changes
induced by QNP administration were substantially reversed by
the application of NAc-DBS. The SPK firing rate was markedly
increased and the ISI was obviously decreased in OCD model
rats, indicating that the NAc was hyperactive, which is a novel
finding. Moreover, the SPK firing rate and ISI were altered
toward normal levels when electrical stimulation was applied;
this finding is in accordance with a previous study that used
brain slices (Xie et al,, 2014). In the present study, the firing
pattern of NAc neurons, as represented by the mean and mode
ISI, CV and AI of ISI, was also significantly affected by QNP
administration and NAc-DBS.

Abnormalities in the NAc were also revealed by analysis
of LFP activity. Our data showed that the low-frequency PSD
(especially from 1 to 30 Hz) was enhanced in rats in the sham
stimulation group compared to those in the control group but
that the high-frequency PSD was not obviously changed; this
alteration could be used as a pathological biomarker for OCD.
Interestingly, upon administration of NAc-DBS, of the entire
PSD, both the low-frequency PSD and high-frequency PSD,
was decreased markedly. Through relative power analysis of
different frequency bands, more meaningful details were found.
Compared with those in the control group, the rats in the sham
stimulation group presented higher relative power in the theta
band, alpha band and beta band but lower relative power in the
delta band and gamma band. These findings provide valuable
information for identifying OCD-related biomarkers. After
NAc-DBS, the relative power of the alpha band, beta band and
gamma band decreased, but there was no significant difference
in delta band and theta band. These findings reveal that high-
frequency electrical stimulation of the NAc may result in special
patterns of neuronal activity, which could be a potential basis
for closed-loop stimulation in the future. The findings of this
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study support previous clinical research. In a study in which DBS
of the ventral capsule (VC)/ventral striatum (VS) was applied,
the effect of DBS was correlated with the activity of the alpha,
beta and gamma bands (Olsen et al., 2020). Another study in
which DBS of the bed nucleus of the stria terminalis (BNST)
was administered found that the normalized delta, beta and
gamma band power in the right BNST was specifically correlated
with compulsive behaviors (Wu et al., 2016). There is also some
evidence suggesting that the activities of the alpha band and
beta band are related to depression (Neumann et al,, 2014). In
addition, some research has indicated that oscillatory activity of
the theta band in the striatal area may be a potential biomarker
for OCD (Neumann et al., 2014; Miller et al., 2019; Schwabe
et al, 2021), and studies in which DBS of the subthalamic
nucleus (STN) was applied to treat OCD have shown that theta
band activity is correlated with the severity of OCD symptoms
(Rappel et al., 2018; Buot et al.,, 2021). Our data are generally
consistent with these previous results and provide more detailed
and comprehensive information about SPK and LFP activity in
the NAc in OCD and after NAc-DBS, filling a knowledge gap.
The present study also showed that OCD and NAc-DBS
have different influences on the neurotransmitter system in the
NAc. Immunofluorescence revealed that dopaminergic neurons
in the VTA, the main dopaminergic projections to the NAc,
did not exhibit changes. However, we found that the level of
DA in the NAc was increased in the sham stimulation group
and decreased upon NAc-DBS. In addition, we found that the
expression of DRD1 was decreased and the expression of DRD2
was increased in the NAc core in the sham stimulation group;
this change did not occur in the NAc shell. This finding is
in line with the previous research (Varatharajan et al., 2015;
Servaes et al,, 2019), however, in a study in which the NAc
shell was stimulated rather than the NAc core, the level of DA
was increased after DBS (Sesia et al,, 2010). This may have
been due to the differences in the functions of the core and
shell. Immunofluorescence revealed no change in serotonergic
neurons in the RN, but the level of 5-HT in the NAc was
reduced upon NAc-DBS treatment. This finding is inconsistent
with the results of previous research (Sesia et al., 2010), possibly
due to differences in stimulation location. Furthermore, an
early study in which unilateral DBS of the NAc core was
applied showed no change in local monoamine release (van Dijk
et al,, 2011), there may be many reasons for this inconsistency,
especially differences in stimulation parameters. Interestingly,
in another relevant study, DA, 5-HT and noradrenaline levels
in the prefrontal cortex (PFC) were increased upon NAc-DBS
(van Dijk et al., 2012). This finding indicates that stimulation
of a particular brain area may have different effects on the
level of the same neurotransmitter in different brain regions.
No significant alterations in the level of histamine or ACh was
observed in this study; nevertheless, these two substances have
important functions in the NAc. The NAc core receives direct
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histaminergic projections from the TMN, and the symptoms
of OCD and anxiety are influenced by the activity of the
presynaptic H3 histamine receptor on glutamatergic afferent
terminals from the prelimbic PFC to the core of the NAc (Zhang
et al, 2020). More detailed information about this pathway
is needed. Moreover, cholinergic interneurons are essential
components of the NAc (Xie et al,, 2014), they generally exert
mutual antagonistic effects with DA, but whether this is the
case in the NAc is still unclear. Finally, the levels of Glu and
GABA should be evaluated because an imbalance between Glu
and GABA levels is thought to be responsible for neuronal
hyperexcitability in neuropsychiatric disorders. In the present
study, we found that both Glu levels and GABA levels in the NAc
were increased after sham stimulation and that this change could
be markedly reversed through NAc-DBS. However, the results of
this study are somewhat different from those of previous reports.
Glu is the most prominent excitatory amino acid in the brain,
and elevation of the extracellular level of Glu is thought to be
related to many neuropsychiatric disorders (Dahchour et al,
2000; Tokuyama et al., 2001; Hanna et al.,, 2002; Arnold et al.,
2004). Consistent with this research, some studies have shown
that the level of Glu is increased in OCD (Egashira et al., 2008;
Yan et al, 2013). Furthermore, GABA is the most important
inhibitory amino acid in the brain, and it is commonly accepted
that GABAergic medium spiny neurons projecting to the VP
are inhibited by excess DA release in the NAc, which is a key
node in reward circuitry (Smith et al., 2009). Other research has
demonstrated that the extracellular level of GABA in the NAc
decreases when reward circuitry is disturbed and increases upon
DBS (Yan et al., 2013; Varatharajan et al,, 2015), which is not in
line with our results. Notably, GABAergic projection neurons
are the main neurons in the NAc (Smith and Villalba, 2008),
but extracellular GABA in the NAc is predominantly derived
from VS and VTA collaterals that project to the VP (Brog et al,,
1993; Pennartz et al,, 1994). Differences in methods between
these previous studies (in situ microdialysis) and the present
study (tissue homogenates) may have caused the inconsistencies
in findings, or there may be deeper mechanisms involved that
need to be further explored.

There are some limitations in this study. First, the micro-
electrodes were just implanted into the NAc, the neural
electrophysiological information we could obtain was confined
to single region. The follow-up studies which have more
comprehensive recording of multiple brain regions may reveal
more valuable hints. On the other hand, the analyzing of
neurotransmitters was based on tissue homogenates which has
less temporal resolution and stable performance, like the first
one, the analyzing of neurotransmitters should be also expanded
to more areas simultaneously to form a more overall view to
brain network in OCD and DBS conditions. Last but not least,
the applying of evidences obtained from rats to humans truly
should be carefully evaluated. Eventhough there could be some
possible similar mechanisms, the functioning of the human
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mind compared to that of rat is still different. More in-depth
research at primate especially human level is necessary.

In conclusion, our study shows that DBS of the NAc core
apparently alters neuronal firing patterns as well as LFP activity
in the NAc. Moreover, NAc-DBS decreases monoamine and
amino acid neurotransmitter levels in the NAc, reversing the
effect of OCD. All these results suggest that high-frequency
electrical stimulation of the NAc core inhibits the activity
of neurons in the NAc, and this change could underlie the
ability of NAc-DBS to alleviate OCD. All these findings of
this study provide a chance to exert the full potential of
the application of NAc-DBS. Moreover, these findings also
provide a new insight into the possible candidate biomarkers
for OCD and electrochemical targets for developing closed-loop
neurostimulation.
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Hemorrhagic stroke is a devastating cerebrovascular disease with high
morbidity and mortality, for which effective therapies are currently unavailable.
Based on different bleeding sites, hemorrhagic stroke can be generally
divided into intracerebral hemorrhage (ICH) and subarachnoid hemorrhage
(SAH), whose pathogenesis share some similarity. Ferroptosis is a recently
defined programmed cell deaths (PCDs), which is a critical supplement to
the hypothesis on the mechanism of nervous system injury after hemorrhagic
stroke. Ferroptosis is characterized by distinctive morphological changes of
mitochondria and iron-dependent accumulation of lipid peroxides. Moreover,
scientists have successfully demonstrated the involvement of ferroptosis in
animal models of ICH and SAH, indicating that ferroptosis is a promising target
for hemorrhagic stroke therapy. However, the studies on ferroptosis still faces
a serious of technical and theoretical challenges. This review systematically
elaborates the role of ferroptosis in the pathogenesis of hemorrhagic stroke
and puts forward some opinions on the dilemma of ferroptosis research.

stroke, intracerebral hemorrhage, subarachnoid hemorrhage, ferroptosis, target,
lipid peroxidation

1. Introduction

Hemorrhagic stroke is an acute disease caused by the sudden rupture of a specific
blood vessel in the brain. It refers to two main diseases based on bleeding sites:
bleeding within brain parenchyma termed intracerebral hemorrhage (ICH) or within
the subarachnoid space called subarachnoid hemorrhage (SAH) (Doria and Forgacs,
2019; Fang et al., 2020). Hemorrhagic stroke accounts for 10-20% of all strokes and
is responsible for more than 40% of stroke-related deaths caused by severe primary and
complicated secondary brain injury (Doria and Forgacs, 2019). Currently, the treatment
of hemorrhagic stroke has not been well-established. Apart from the recognized
supportive care, the efficacy of antihypertensive therapy, complication prevention,
surgery, and hemostatic therapy to reduce primary brain injury remain controversial
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(Grysiewicz et al., 2008; Xu Y. et al,, 2022). Moreover, despite
the considerable pre-clinical efficacy of several pharmacological
agents targeting pathological events of hemorrhagic stroke, they
failed to perform in clinical trials as factors such as the short
half-life periods of agents and the role of the blood-brain
barrier (BBB) complicated the scenario (Grysiewicz et al., 2008).
Further efforts are necessary to develop potential drugs against
novel pathological targets to facilitate functional recovery for
hemorrhagic stroke patients. Numerous pathological processes
during the secondary brain injury lead to the death of neuronal
cells after hemorrhagic stroke. In addition to extensively
researched apoptosis, many other modes of cell death, including
ferroptosis, have been explored in ICH and SAH animal models
in recent years (Fang et al., 2020; Shen et al., 2020).

Based on previous studies, Dixon et al. (2012), defined
a mode of programmed cell death (PCD) caused by iron
overload-dependent accumulation of lethal lipid peroxides as
“ferroptosis” (Dixon et al.,, 2012). Morphologically, ferroptosis is
characterized by mitochondrial shrinkage, loss of mitochondrial
cristae, and increased mitochondrial membrane density.
Biochemically, the ferroptosis-mediated changes include
defective glutathione (GSH) activity, excessive accumulation
of lethal lipid reactive oxygen species (ROS) on the plasma
membrane, the inactivation of glutathione peroxidase 4
(GPX4), and the abnormal activation of some lipid metabolism
regulatory molecules (Dixon et al,, 2012; Stockwell et al,, 2017;
Wang et al,, 2021). Before the concept was proposed, most of
these ferroptosis-associated biochemical changes were detected
in animal models of hemorrhagic stroke (Chang et al., 2014;
Gao et al., 2020; Cao et al,, 2021; Duan et al,, 2021; Qu et al,,
2021). Several recent studies have systematically examined
these markers and monitored key targets regulating ferroptosis,
confirming the presence of ferroptosis in hemorrhagic stroke
diseases (Alim et al., 2019; Cao et al., 2021). More importantly,
many studies demonstrated that inhibition or negative
modulation of ferroptosis in neuronal cells was promising as
a potential therapy for treating hemorrhagic stroke (Chang
et al., 2014; Shao et al., 2019; Qu et al., 2021; Ren et al., 2022).
However, limited by the objective reasons of experimental
technological challenges, many critical issues still remain to be
discussed and resolved. Therefore, in this review, we explored
the current status of ferroptosis research advances in animal
models of SAH and ICH. We also summarized the findings
of the studies on the drugs or inhibitors targeting ferroptosis
and further discussed their feasibility as potential therapies for
treating hemorrhagic stroke.

Search strategy: A systematic search was implemented
on two databases PubMed and Web of Science. The overall
retrieval terms are “intracerebral hemorrhage AND ferroptosis,”
and “subarachnoid hemorrhage AND ferroptosis.” In the part
of Iron overload, retrieval terms “(intracerebral hemorrhage or
subarachnoid hemorrhage) AND (iron OR iron disorder OR
iron overload)” were used. In the part of Lipid peroxidation,

Frontiers in Cellular Neuroscience

75

10.3389/fncel.2022.1067570

retrieval terms “(intracerebral hemorrhage or subarachnoid
hemorrhage) AND (lipid peroxidation OR reactive oxygen
species)” were used. In the part of antioxidant system Lipid
peroxidation, retrieval terms “(intracerebral hemorrhage
or subarachnoid hemorrhage) AND (FSP1/CoQ10 OR
GSH/GPX4)” were used. All the references were loaded
into Zotero (version 5.0.96) and combined to exclude

duplicate and triplicate.

2. Essential characteristics and
mechanisms of ferroptosis

A decade before the term “ferroptosis” was defined, the
basic features of ferroptosis were identified in quick succession
(Figure 1). The two most used drugs for inducing ferroptosis,
erastin, and Ras-selective lethal small molecules 3 (RSL3),
were identified by the same research team in 2003 and 2008,
respectively (Dolma et al, 2003; Yang and Stockwell, 2008).
This group reported that they induce a form of PCD different
from apoptosis. It was shown that iron chelator (deferoxamine)
and certain antioxidants explicitly inhibit this type of cell
death. Based on previous studies, Dixon et al. (2012) named
this form of PCD as “ferroptosis” in 2012 and systematically
described its biological, biochemical, and genetic characteristics.
After about 5 years, studies from several different laboratories
comprehensively summarized the morphological features of
ferroptosis, which manifest as damaged mitochondria including
mitochondrial shrinkage, reduced amounts of cristae, and
outer membrane rupturing (Kagan et al., 2017). Mitochondrial
structure monitoring by transmission electron microscope
(TEM) is crucial for determining the occurrence of ferroptosis in
the cells (Dixon et al., 2012). From the biochemical standpoint,
ferroptosis involves a complex molecular biological network
leading to the overproduction and accumulation of lipid
peroxidation products and disrupting the antioxidant systems
(Dixon et al, 2012; Stockwell et al, 2017). These include
landmarks that are widely recognized by researchers like GPX4,
SLC7A11 (xCT), and acyl-CoA synthetase long-chain family
member 4 (ACSL4). Moreover, there are also many new targets
that have been successively proven to be related to ferroptosis in
recent years (Lei et al,, 2022). In this review, we attempt to make
a succinct summary of all such information below.

2.1. Disorders of iron metabolism

Ferroptosis is inhibited by iron chelators, which have led
scientists to initially name it a new PCD with a root "ferr-"
representing the then-popular belief that iron is indispensable
in this process. However, this led to a misconception for future
research, whereby people believed that ferroptosis must be
accompanied by the disturbance of iron metabolism or even
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Schematic representation for the mechanism of ferroptosis, including antioxidant systems, iron disorder, and lipid peroxidation. SLC7A11, solute
carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; GSH, glutathione; GSSG, oxidized glutathione; GPX4, glutathione
peroxidase 4; NADPH, nicotinamide adenine dinucleotide phosphate; GPX4, glutathione peroxidase 4; CoQ10, coenzyme Q10; FSP1, ferroptosis
suppressor protein 1; AA, arachidonic acid; AdA, adrenic acid; CoA, coenzyme A; ACSL4, acyl-CoA synthetase long-chain family member 4;
AA/AdA-CoA, adrenic acid/arachidonic acid-CoA; PEs, phosphatidylethanolamines; LPCAT3, lysophosphatidylcholine acyltransferase 3;
PE-AA/AdA, phosphatidylethanolamine-adrenic acid/arachidonic acid; LOX, lipoxygenase; PE-AA/AdA-OOH, phosphatidylethanolamine-
adrenic acid/arachidonic acid bis/trioxide; Tf, transferrin; TFR1, transferrin receptor 1.

iron overload. Many subsequent landmark studies did not pay
attention to iron metabolism-related factors because lethal lipid-
related ROS and disruption of the antioxidant system are the
key factors mediating ferroptosis (Li and Li, 2020). Moreover,
the construction of many in vitro ferroptosis models does not
depend on any form of iron (Ding et al,, 2020; Liu et al,, 2020).
Despite no apparent link between iron overload and ferroptosis,
substantial attention is warranted to investigate the possibility of
ferroptosis during iron overload.

Under normal circumstances, ferrous (Fe2') ions from
physiological or pathological origin get oxidized to ferric
(Fe3™) ions. They combine with free transferrin (TF), which
is recognized by membrane protein transferrin receptor 1
(TFR1). Then the TF/TFR1 complex will be taken up in a
manner of endocytosis. Because of the acidic environment in
endosome, Fe3™ will immediately be reduced to Fe2™ by ferric
reductase sixtransmembrane epithelial antigen of prostate 3
(STEAP3) after being released from TF (Louandre et al., 2013).
After that, divalent metal transporter 1 (DMT1) transports
Fe2™t into the labile iron pool in the cytoplasm (Katsarou
and Pantopoulos, 2020). It is noteworthy that ferroportin-1
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(FPN1) on the cell membrane is currently the only known
molecule to actively transport Fe2t from the intracellular
to the extracellular region, maintaining the stability of the
intracellular iron pool (Troadec et al, 2010). The change in
the function or content of the above-mentioned iron regulatory
molecules may cause the iron overload in cells, inducing
ferroptosis. A recent study found that activation of nuclear
receptor coactivator 4 (NCOA4) destabilizes ferritin in an
autophagy-dependent manner, increasing the labile iron level
and promoting ferroptosis (Zhang Y. et al,, 2021).

2.2. Excessive accumulation of lipid
peroxides

Lipid peroxides not removed in time are the most direct
executors of ferroptosis. The following three pathways generate
the free radical reactions mediating the formation of lethal
lipid peroxides: (i) non-enzymatic Fenton reaction; (ii) iron-
catalyzed auto-oxidation, and (iii) oxidase- and esterase-
mediated peroxidation of polyunsaturated fatty acids (PUFA)
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(Yang and Stockwell, 2016; Li and Li, 2020). The polyolefinic
structure of PUFAs, especially arachidonic acid (AA) and
adrenic acid (ADA), makes them susceptible to oxidation
to form lipid peroxides. However, studies show that excess
peroxidation of PUFAs (AA/ADA-OOH) does not explicitly
indicate ferroptosis. AA/ADA must be catalyzed by acyl-
CoA synthetase long-chain family member 4 (ACSL4) to
form AA/ADA-CoA, followed by esterification into membrane
phospholipids before becoming a crucial precursor of lethal
lipid-related ROS (Kagan et al., 2017; Wenzel et al., 2017). Two
independent groups have implicated using lipid metabolomics
screening that the product of phosphatidylethanolamines
(PEs)-AA/ADA, namely, PEs-AA/ADA-OOH, oxidized by
lipoxygenase, as the critical substance mediating ferroptosis.
There are numerous ways of catalyzing PEs-AA/ADA to
form peroxides (Kagan et al, 2017; Wenzel et al, 2017). It
has been shown that the rate-limiting steps in acetylation
and esterification make ACSL4 and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) the critical promoters in the
regulation of ferroptosis (Feng et al,, 2022). Multiple studies
have confirmed the roles of these enzymes. Numerous
recent studies have indicated how inhibition of ACSL4 and
LPCAT3 might be promising therapeutic strategies for treating
ferroptosis-related injuries (Cui et al., 2021a; Sha et al., 2021;
Reed et al, 2022). However, how PEs-AA/ADA-OOH relay
the signals for ferroptosis remains to be interpreted. Plausible
underlying mechanisms include binding excess lipid peroxides
to the membrane, causing lethal changes in membrane
permeability and ion concentrations. It is also believed
that the downstream products of these lipid peroxides, like
malondialdehyde (MDA) and 4-hydroxy-nonenal (4-HNE),
exert ferroptotic damage by degrading proteins or nucleic acids
(Liu et al,, 2020, 2021). Many studies have implicated MDA and
4-HNE as markers of ferroptosis.

2.3. GSH/GPX4 antioxidant system

GPX4 is an important peroxide-decomposing enzyme
ubiquitously present in the body. GSH can complete the
conversion of lipid peroxides to non-toxic lipids (Fraternale
et al,, 2009). This property protects cell membranes made
up of large lipid molecules from peroxides interference
and damage. GSH/GPX4 antioxidant system is one of the
most crucial endogenous factors against ferroptosis (Li F.
et al, 2022). GSH is synthesized by three amino acids:
glutamate, cysteine, and glycine. Cysteine, mainly derived from
extracellular cystine after entering the cell and being reduced,
is present in the lowest concentration in the cell, making it
the critical rate-limiting factor for the de novo synthesis of
GSH. The cystine/glutamate antiporter (system Xc~) on the
cell membrane transports the extracellular cysteine into the
cell in a 1:1 form while transporting out the intracellular
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glutamate (Yuan Y. etal,2022). The system Xc~ on the cell
membrane is a heterodimer consisting of the substrate-specific
subunit SLC7A11 (xCT) and the regulatory subunit SLC3A2
(Koppula et al., 2021). GPX4 converts the reduced form of GSH
into oxidized glutathione (GSSG) and promotes the reduction
reaction from lipid peroxides (L-OOH) to corresponding
alcohols (L-OH) (Li F. et al., 2022).

In many pathological conditions or artificial interventions,
increased extracellular glutamate and disrupted xCT structure
or function lead to intracellular GSH depletion, thereby
inducing ferroptosis (Chen et al,, 2017; Yadav et al,, 2021).
Meanwhile, the down-regulation or functional disruption of
GPX is also essential for promoting ferroptosis. The most
used inducers of ferroptosis, erastin, and RSL3, are inhibitors
of system X¢~ and direct inhibitors of GPX4, respectively
(Stockwell et al., 2017). In addition, there are many compounds
that can induce ferroptosis by inhibiting GPX4, like DPI7 and
DPII0 in a directing binding manner and FIN56 in a form that
induces GPX4 degradation (Mou et al,, 2019; Sun et al., 2021).
On the other hand, selenium promotes GPX4 transcription
and prevents it from irreversible degradation, thereby inhibiting
ferroptosis (Alim et al, 2019; Yao et al, 2021). Increasing
evidence delineate the role of the GSH/GPX4 antioxidant system
in the mechanism of ferroptosis.

2.4. FSP1/CoQ10 and its related
antioxidant system

The ferroptosis suppressor protein 1 (FSP1)/coenzyme
Q10 (CoQl0) pathway is another efficient endogenous
antioxidant system independent of GPX4/GSH system, that
critically regulates cellular sensitivity toward ferroptosis. FSP1,
alternatively known as apoptosis-inducing factor mitochondria
2 (AIFM2), has significantly high homology with apoptosis-
inducing factor (AIF) (Miriyala et al,, 2016). The name and
homology details of AIFM2 indicate how it was identified by
its function to induce apoptosis by releasing cytochrome ¢ and
caspase 9 (Miriyala et al., 2016). However, a recent study found
that AIFM2 had a marked inhibitory effect on GPX4 deficiency
that leads to ferroptosis, renamed “FSP1” (Doll et al,, 2019).
The lethal lipid peroxidation event in ferroptosis mainly starts
at the plasma membrane, leading to the transfer of FSP1 by
myristoylation for subsequent free radical scavenging (Doll
etal,, 2019). FSPI uses the reducing equivalents of nicotinamide
adenine dinucleotide phosphate [NAD(P)H] to reduce CoQ10
to ubiquinol, which acts as a lipophilic radical-trapping
antioxidant (RTA) to remove lipid peroxides from phospholipid
bilayers (Bersuker et al,, 2019).

NAD(P)H is also indispensable for reducing GSSG to GSH.
Therefore, involved in two important antioxidant systems,
the level of NAD(P)H have also been indicated by several
studies as a predictor of cellular susceptibility to ferroptosis
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(Bersuker et al., 2019). This molecular crosstalk means that the
intracellular defenses against lipid peroxides are not dependent
on a single system. FSP1 was also recently reported to inhibit
ferroptosis in endosomal required transport (ESCRT)-III-
dependent manner (Dai et al., 2020). ESCRT-III is a membrane-
associated protein complex enhancing plasma membrane repair
by activating subtypes of charged multivesicular body proteins
(Dai et al, 2020). In addition, tetrahydrobiopterin (BH4)
and its synthetic rate-limiting enzyme Guanosine triphosphate
cyclohydrolase 1 (GCH1) are involved in the ferroptosis-
resistant oxidative network by regulating CoQIl0 synthesis
(Mishima and Conrad, 2022). However, more investigation is
required to confirm these systems’ effectiveness and underlying
mechanisms.

3. The role of ferroptosis in
hemorrhagic stroke

According to the bleeding site, a hemorrhagic stroke
can be divided into two subtypes, ICH and SAH (Doria and
Forgacs, 2019). Their pathological mechanisms occur in two
steps and involve multiple similarities. The first stage involves
primary brain injury dominated by mechanical damage caused
by the traction of the hematoma, accompanied by increased
intracranial pressure and secondary cerebral infarction
(Magid-Bernstein et al., 2022). The second stage consists of
pathophysiological events caused by blood components and
their metabolites, including BBB destruction, neural excitatory
events, ion disturbances, oxidative stress, neuroinflammation,
cell death, etc (Magid-Bernstein et al, 2022). In SAH, early
brain injury (EBI) is crucial, indicating the pathological damage
within 3 days after SAH (Kusaka et al., 2004; Fujii et al,, 2013).
The recovery degree of the pathological damage during EBI will
substantially impact the recovery of subsequent neurological
functions.

Several animal models were adopted for hemorrhagic stroke
research. For ICH, collagenase injection or autologous blood
injection at the basal ganglia are two common modeling
methods (Krafft et al., 2012; Lei et al., 2014). The former causes
cerebral hemorrhage by decomposing collagen on the cell matrix
and vascular basement membrane, which has the advantage
of high efficiency and convenience. While the latter can
better simulate the pathophysiological changes of patients with
cerebral hemorrhage. For SAH, the endovascular perforation
model is widely used because it can simulate SAH caused by
rupture of aneurysm (Du et al,, 2016). These models can cause a
large amount of instantaneous hemorrhage in specific regions of
the brain, and are valuable experimental models of hemorrhagic
stroke in preclinical research.

Degradation products of hemoglobin (ferrous iron and
heme) play an essential initiating role in the induction of
these pathophysiological events. Among them, the abnormal
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accumulation of iron ions leads to severe tissue damage
(Gaasch et al, 2007). It generates a large amount of ROS,
providing a solid foundation for ferroptosis to set in Gaasch
et al. (2007). This validates the hypothesis that ferroptosis
plays a critical pathological role after a hemorrhagic stroke.
A series of subsequent studies also confirmed the occurrence
of ferroptosis in animal and in vitro models of ICH and SAH
(Karuppagounder et al.,, 2018; Chen et al.,, 2019; Cao et al,
2021; Qu et al,, 2021). Li et al. (2018) first observed specific
mitochondrial morphology of ferroptosis in perihematoma
neurons in a collagenase-induced mouse ICH model. Then in
2020, ferroptotic mitochondria were first observed in temporal
cortical neurons in a mouse model of SAH (Li Y. et al., 2021).
The TEM pictures of mitochondria provide strong evidence
supporting ferroptosis. In addition, the down-regulation of
the antioxidant molecule GPX4 and upregulation of ACSL4
and lipid peroxides were also validated in these two models
by various groups (Zhang et al, 2018; Gao et al, 2020; Jin
et al, 2021; Qu et al, 2021). These results demonstrate how
ferroptosis, an essential complement to other PCDs, plays a vital
role in hemorrhagic stroke. Moreover, two critical inhibitors
of ferroptosis, Ferrostatin-1 (fer-1) and Liproxstatin-1 (Lip-
1), inhibited neuronal ferroptosis and neuroinflammation in
animal models of hemorrhagic stroke, reducing neurological
impairment (Li et al,, 2017a; Zhang et al., 2018; Cao et al., 2021).
In addition, various chemical agents and natural medicines
improve neurological damage in animals with ICH or SAH
by inhibiting ferroptosis, suggesting ferroptosis as a promising
potential target for therapeutic strategies for hemorrhagic stroke
(Liet al,, 2019; Duan et al., 2021; Gao et al., 2022).

However, the knowledge about ferroptosis in hemorrhagic
stroke is still minimal. To achieve clinical translation, sufficient
preclinical experiments must identify effective therapeutic
agents and the exact molecular mechanisms.

4. Crosstalk between ferroptosis
and other PCDs in hemorrhagic
stroke

In addition to ferroptosis, other PCDs such as apoptosis,
pyroptosis, necroptosis, and autophagy are also widely studied
in the field of hemorrhagic stroke. There are also various
crosstalk between ferroptosis and these PCDs. Apoptosis is
the most well-studied forms of PCD in hemorrhagic stroke,
which mainly induced by two pathways: extrinsic and intrinsic
pathways (Sckerdag et al, 2018). The characteristic features
of apoptotic neuron include chromatin condensation, nuclear
shrinkage, and DNA fragmentation, which is completely
different from ferroptosis (Weiland et al, 2019). Hence,
apoptosis, being considered as the main form of neuronal death
after hemorrhagic stroke, is mainly studied as an exclusionary
form in iron death related studies. A recent study suggests
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that there may be a certain correlation between ferroptosis
and necroptosis through NADPH (Hou et al, 2019). Since
autophagy can regulate intracellular iron homeostasis and ROS
synthesis, current research indicates that many ferroptosis are
autophagic dependent (Ma et al.,, 2022; Tao et al, 2022). The
latest research of Tao et al. (2022) indicates that S100A8 can
mediate autophagy-dependent ferroptosis of microglia after
SAH. In addition, mitophagy has also been reported to mediate
ferroptosis (Li J. et al., 2022), which has not been verified in
hemorrhagic stroke, indicating it may be a valuable research
direction in the future.

5. The research status in
ferroptosis in hemorrhagic stroke

(SAH)
hemorrhage (ICH) share many pathological similarities, and

Subarachnoid hemorrhage and intracerebral
similar hypotheses have been formed to identify the mechanism
of ferroptosis in these two hemorrhagic strokes. However, to
date, the underlying mechanisms of ferroptosis have not been
understood to the same extent in ICH and SAH, triggered
by differential research investments. Because the incidence
of SAH is much lower than ICH worldwide, the progress of
basic research in decoding the mechanisms of ferroptosis is
also relatively inadequate in SAH (Doria and Forgacs, 2019).
However, the advances in research to decode ferroptosis
mechanisms in SAH have not been summarized. Therefore, in
this part, we will systematically review the research progress in
understanding ferroptosis mechanisms in ICH and SAH.

5.1. Iron overload in ICH

The direct accumulation of blood components in the
injured area is a critical pathogenic symptom of hemorrhagic
disease. Therefore, since the discovery of ICH, researchers
have long been critically concerned about the disturbance of
iron metabolism (Uselis, 1970). As early as 2004, a study
identified iron deposition in the basal ganglia in a rat model
of ICH (Nakamura et al,, 2004). This deposited iron is mainly
derived from the lysed red blood cell hemoglobin, which is
degraded into heme and free iron. In addition, Nakamura et al.
(2005) indicated that holo-transferrin interacts with thrombin
to exacerbate brain damage upon the onset of ICH. Iron
accumulation and ferritin upregulation also cause long-term
neurological impairment in animal models of ICH (Nakamura
et al,, 2005). Deferoxamine (DFO) is a drug that eliminates
iron accumulation and has been validated by multiple research
groups in various animal models. Its therapeutic mechanism
has been hypothesized to involve DNA oxidative damage repair,
neuronal apoptosis inhibition, and brain edema reduction (Farr
and Xiong, 2021). In addition, Zhao et al. (2011) reported
another potent iron chelator, minocycline, which alleviates
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neuronal apoptosis after ICH by inhibiting the pathways that
upregulate iron handling proteins of the brain. DFO and
minocycline have been selected for clinical trials because of
their excellent efficacy in animal experiments. Unfortunately,
no drug targeting iron chelation has successfully achieved
clinical translation (Selim et al., 2011). Moreover, the specific
mechanism underlying cellular damage due to ROS generation
by iron overload has not been elucidated.

Introducing the concept of ferroptosis provides insights
into a new pathogenic mechanism of iron-mediated diseases,
encouraging researchers to delve deep into it. Hemorrhage leads
to iron deposition and regulates iron’s entry and exit pathways
by several vital molecules, including TF, TFR1, DMT1, and
FPN1 (Vogt et al,, 2021). Hepcidin has received more attention
in recent years due to its ability to change intracellular iron
content by regulating the expression of TE, TFR1, DMT1, and
FPN1 (Camaschella et al, 2020). TE TFRI1, and DMT1 are
responsible for iron uptake, while FPN1 is the only regulatory
molecule aiding in the transport of iron out of the cells (Vogt
et al, 2021). Yang et al. (2021) have demonstrated how ICH
mice exhibited less iron overload, brain edema, and neuronal
damage after adeno-associated virus-mediated overexpression
of hepcidin. Down-regulating TF and TFR1 mainly achieve this
effect after ICH. In recent years, many new iron chelators have
been tested on animal models of ICH and achieved considerable
preclinical efficacy. VK-28, Deferiprone (DFP), and Deferasirox
(DEX) are some representative drugs (Wang et al., 2016; Li et al,,
2017b; Imai et al., 2021). However, it is worth pointing out that
although most studies of ferroptosis in ICH involve some iron
deposition, few studies have directly explored the association
between iron deposition and ferroptosis. We believe this action
stems from the lack of a specific mechanism of iron-mediated
ferroptosis.

The STICH II trial showed that withdrawal after open
surgery didn’t significantly reduce the mortality of cerebral
hemorrhage compared with the initial conservative treatment
(Mendelow et al,, 2013). However, the subgroup of MISTIE
III trial showed that compared with the conservative treatment
group, the patients whose blood clot size decreased less
than 15 ml after minimally invasive surgery live with better
neurological recovery (Hanley et al, 2019). In addition to
iron chelating agent drugs, surgical removal of hematoma or
endogenous phagocytosis of ectopic erythrocyte from the source
to reduce the degradation products of erythrocyte are effective
treatments for hemorrhagic stroke (Zheng et al, 2022). The
phagocytosis of erythrocytes is mainly completed by microglia
and macrophages, which are regulated by several signal
pathways. Peroxisome proliferator-activated receptor y (PPAR-
y) is one of the most widely studied regulatory molecules, and
its activation can promote the phagocytosis of microglia on
hematoma. Drugs including monascin, simvastatin, wogonin
can activate PPAR-y, thus promoting phagocytosis (Wang
et al, 2018; Fu et al, 2020; Zhuang et al., 2021). In
addition, the activation of nuclear factor erythroid 2-related
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factor2 (Nrf2) pathway has also been proved to promote
hematoma phagocytosis (Zheng et al., 2022). Xu C. et al. (2022
demonstrated that CD47 also plays an important role in the
process of hematoma phagocytosis in the SAH model.

5.2. Iron overload in SAH

Before the concept of early brain injury was proposed, the
academic research on the pathogenesis of SAH mainly focused
on secondary ischemia caused by vasospasm (Lin et al.,, 2004).
In 1988, the non-glucocorticoid 21-aminosteroid U74006F, an
inhibitor of iron-dependent lipid peroxidation, alleviated the
acutely progressive hypoperfusion state in a cat SAH model
(Hall and Travis, 1988). In the early 1990s, Utkan et al
(1996) demonstrated for the first time that the iron chelator
DFO could prevent SAH-induced vasospasm in a rabbit model
(Utkan et al,, 1996). They also hypothesized that the underlying
mechanism might involve the inhibition of iron-induced ROS
and lipid peroxides (Utkan et al,, 1996). Subsequent studies have
repeatedly demonstrated the reduction of vasospasm by iron
chelation (Luo et al., 1995). Smith et al. (1996) primarily focused
on iron-induced neuronal damage. They elucidated how a lipid
peroxidation inhibitor, tirilazad mesylate (U-74006F), and its
metabolites attenuated early BBB damage and attenuated iron-
induced neuronal lipid peroxidative damage. This may be the
earliest proof of the underlying mechanism of ferroptosis in
hemorrhagic stroke.

Similar to studies on ICH, around 2004, researchers
systematically studied the metabolism and role of hemoglobin,
heme, and iron in SAH and also pointed out the predictive effect
of serum ferritin content on the severity of SAH (O’Connell and
Watson, 2003; Suzuki et al., 2003). In addition, the up-regulation
of TF and TFR1 and ferritin in brain tissue was also verified by
Lee et al. (2010) in a rat model of SAH. Their team also showed
that iron overload in the acute phase of SAH leads to oxidative
stress and neuronal damage, which can be reversed by the
application of DFO (Lee et al., 2010). However, since the advent
of the concept of ferroptosis, few studies have systematically
verified the association between iron overload and cellular
ferroptosis in SAH models. Moreover, no study has investigated
the neurological rescue effect of various iron chelators achieved
by inhibiting ferroptosis. However, many studies have reported a
positive correlation between iron accumulation and ferroptosis
in ischemic stroke. One study indicated that tau-mediated iron
export could reduce ferroptosis after ischemic stroke (Tuo et al.,
2017). Mitochondrial ferritin has also been upregulated in the
brain of mice with ischemic stroke upon FPN1 upregulation
to attenuate ferroptosis and achieve neuroprotective effects
(Wang P. et al, 2022). Recently, Zhang H. et al. (2021)
pointed out that hepcidin can promote ferroptosis after SAH by
regulating iron metabolism, and this effect may be performed
by upregulating DMTI1. Their research on iron metabolism
regulation lacks comprehensiveness, warranting more in-depth
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studies to explore the correlation between iron overload and
ferroptosis.

5.3. Lipid peroxidation in ICH

Oxidative stress is essential in ICH pathogenesis, primarily
mediated by excessive accumulation of ROS and reactive
nitrogen species (RNS) (Li et al, 2011). ROS is a group
of partially reduced oxygen-containing molecules or radicals,
and its simple form mainly includes hydrogen peroxide
(H»03) and some radicals such as hydroxyl radical (-OH) and
superoxide anion (027) (Zhu et al,, 2021). Lipid peroxidation
involves ROS-mediated electron loss, forming various reactive
intermediates. Before introducing the concept of ferroptosis,
numerous studies demonstrated how ROS and end-products
of lipid peroxidation like MDA damage proteins and DNA,
resulting in cell injury (Wang et al, 2011). Some classic
antioxidant drugs, such as metformin and melatonin, provide
neuroprotective effects to ICH mice by reducing ROS and
MDA levels (Lekic et al.,, 2010; Wu et al., 2016). However, the
mechanisms underlying the pathogenicity of lipid peroxides
remain unclear. The synthesis of lipid peroxides relies on several
specific regulatory processes, which are thought to be critical
factors regulating the initiation of ICH ferroptosis.

The high level of PUFAs in the brain is beneficial
ICH. 20-
hydroxyeicosatetraenoic acid (20-HETE), a metabolite of

for inducing ferroptosis  signaling in
ADA, was recently shown to be involved in neuronal ferroptosis
upon ICH induction in mice (Han et al., 2021). And reduction of
its production with the specific inhibitor HET0016 significantly
inhibited lipid peroxidation levels and cell death in an in vitro
model of ICH (Han et al., 2021). This significantly contributed
to research on lipid peroxidation in ferroptosis after ICH due
to limited previous research exploring this direct relationship.
Previous studies indicated that N-acetylcysteine could neutralize
the peroxidative toxicity of arachidonic acid catalyzed by 5-
lipoxygenase to inhibit ferroptosis after ICH (Karuppagounder
et al, 2018). Moreover, baicalin, a non-specific inhibitor of
12/15-lipoxygenase, significantly increases the detection indices
related to ferroptosis after ICH (Duan et al,, 2021), suggesting
that 12/15-lipoxygenase may play a critical role in the process of
ferroptosis after ICH.

ACSLA4 has also been implicated in the process of ferroptosis
in ICH by two recent independent studies (Chen et al., 2021;
Jin et al, 2021). It is highly expressed in the brain tissue
surrounding the hematoma of ICH mice. Moreover, ACSL4
can also be regulated by long non-coding RNAs (LncRNAs).
LncRNA H19 positively regulates ACSL4 expression upon ICH
onset (Chen et al, 2021). Another study pointed out that
LncRNA HOX transcript antisense RNA (HOTAIR) can bind
to UPF1 to degrade ACSL4, thereby inhibiting ferroptosis and
the impairment of neurological function in ICH mice (Jin et al,,
2021).
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5.4. Lipid peroxidation in SAH

As early as the 1980s, a team led by Asano explored the
roles of lipid peroxides in SAH (Suzuki et al.,, 1983). They used
a combination of high-performance liquid chromatography
(HPLC) and gas chromatography-mass spectrometry (GC-MS)
techniques to identify hydroperoxy HETEs (HPETEs) and
HETEs in the cerebrospinal fluid (CSF) of SAH patients as
well as healthy individuals (Suzuki et al, 1983). The results
showed that compared with the average population, the content
of 5-HETE in the CSF of SAH patients was significantly
increased. However, the knowledge about SAH at that time
led them to hypothesize that the content of this 5-HETE
was related to the degree of vasospasm (Suzuki et al, 1983).
Their follow-up studies also showed that 5-HETE levels were
also elevated in the walls of blood vessels and the temporal
cortex adjacent to SAH blood clots (Sakaki et al, 1986).
Later, another group reported the up-regulation of another
class of lipid peroxides, phosphatidylcholine hydroperoxide, and
cholesteryl ester hydroperoxide, in the CSF of SAH patients
(Kamezaki et al, 2002). However, our current knowledge
indicates that neither of these two lipid peroxides mediates
ferroptosis. After an extended period, there has been a lacuna
in studies on lipid peroxidation in patients or animals with
SAH. It is worth pointing out that 5-HETE is formed
when 5-lipoxygenase catalyzes ADA (Stockwell et al., 2017).
Unfortunately, no studies have investigated the mechanism
of action and role of 5-lipoxygenase in SAH. In animal
models of ICH and ischemic stroke, 5-lipoxygenase has been
demonstrated to induce ferroptosis induction critically. 15-
lipoxygenase performs a similar function as 5-lipoxygenase, only
differing in the site of oxidized PUFAs (Colakoglu et al., 2018).
It is highly expressed in microglia upon the onset of SAH.
Reduction of 15-lipoxygenase level by drug application inhibits
microglial ferroptosis (Gao et al,, 2022). Moreover, applying its
inhibitor baicalin can reduce ferroptosis after SAH and thus
alleviate EBI (Zhang et al,, 2020). Such lines of research on
lipoxygenase may be valuable in depicting SAH pathogenesis.

Qu et al. (2021) verified the essential role of ASCL4 in
ferroptosis induction in the SAH mice model for the first time.
They found that the down-regulation of ACSL4 significantly
inhibits lipid peroxidation and neurological damage in SAH.
Two subsequent studies also examined the role of ACSL4 as a
protein-level biomarker for ferroptosis (Huang et al., 2022; Yuan
B. et al, 2022). The alteration of ASCL4 has higher stability
than other marker molecules and has a better significance in
detection. This characteristic has been confirmed in various
disease models.

5.5. Antioxidant system in ICH

Moreover, GSH/GPX antioxidant system received attention
simultaneously as more studies on lipid peroxidation were
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performed. In the ICH disease model, the role of GSH
was first revealed by the team led by Dhandapani, who
successively reported that GSH depletion leads to cell damage
and death in hemin-induced astrocytes and endothelial cells
(Laird et al., 2008; Sukumari-Ramesh et al., 2010). However,
these forms of cell death do not accord with the features of
ferroptosis. Zhang et al. (2018), for the first time, explored
the expression changes and effects of GPX4 in a mouse model
of ICH and showed how its levels in mouse brain tissue
surrounding the hematoma were significantly reduced 2 days
after ICH. Moreover, overexpression of GPX4 with adeno-
associated virus significantly attenuated neuronal cell death and
improved mice behavior (Zhang et al, 2018). Unfortunately,
the identification of ferroptosis was not rigorous enough.
In 2019, a cellular study found that selenium upregulates
GPX4 by activating the transcription factors TFAP2c and
Spl of GPX4 (Alim et al, 2019). Upregulated GPX4 can
protect neurons from ferroptosis. They reported that GPX4
was upregulated in hemin-induced primary neurons, which
may be related to the negative feedback regulation after
ferroptosis. GSH and GPX have been repeatedly verified as
critical negative regulators of oxidative stress in subsequent ICH
studies. Most studies demonstrated how GSH content and the
expression of GPX4 are downregulated, subject to reversing by
regulating antioxidant drugs like dauricine or microRNAs to
exert neuroprotective effects (Zhang et al.,, 2018; Peng et al,
2022).

A recent study showed in the FSP1/CoQl0 antioxidant
system that the level of FSP1 was significantly reduced in the
brain tissue surrounding hematomas in ICH mice, which could
be treated with the drug dexpramipexole to reverse this harmful
change (Wang B. et al,, 2022). However, the expression pattern
and the underlying mechanism with the potential role of CoQ10
have not been adequately investigated.

5.6. Antioxidant system in SAH

In SAH, the GSH/GPX4 antioxidant system research has
been significantly more robust than in ICH, due to the
early successful identification of lipid peroxides in CSF and
the correlation between its content and disease prognosis
(Suzuki et al, 1983; Sakaki et al., 1986). Lipid peroxidation
in CSF also revealed decreased GPX activity and decreased
GSH content in CSF of SAH patients (Suzuki et al., 1983).
Another animal experiment showed reduced superoxide-
dismutase (SOD) and GPX levels could be observed in the
hippocampus of the SAH rat model (Sakaki et al, 1986).
Based on such observations, the imbalance of this antioxidant
system in the temporal cortex of SAH patients have also been
elucidated.

Moreover, a multicenter, double-blind clinical trial showed
how a seleno-organic compound, ebselen, alleviate neurological
deficits in SAH patients through a GPX-like mechanism of
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TABLE 1 Ferroptosis in different cell types in the central nervous system (CNS).

10.3389/fncel.2022.1067570

Disease model Cell type |Means for identification Potential mechanisms References
Collagenase-induced Neuron In vivo: FJB staining; Measurement of Neuronal ferroptosis may be involved in Karuppagounder
mouse model of ICH; eicosanoids; Metabolic analysis of neurological impairment after ICH. etal, 2018
Hemin-induced primary lipoxygenase.
cortical neurons. In vitro: Adenoviral overexpression of

antioxidant enzymes; Measurement of

eicosanoids.
Collagenase-induced In vivo: FJB/FJC staining; PI staining; TEM; | Neuronal ferroptosis may contribute to Lietal., 2017a
mouse model of ICH; Perls staining; Biomarker analysis (COX-2; neurological defects after ICH; Fer-1 treatment
Hb/ferrous iron-induced GPX-4); 4-HNE and MDA measurement. can alleviate neuronal ferroptosis.
OHSCs. In vitro: DIPY 581/591 C11; Biomarker

analysis.
Endovascular perforation In vivo: F]C staining; GSH, GPX4, MDA Neuronal ferroptosis may contribute to Cao et al,, 2021
mouse model of SAH; measurement; TEM; Biomarker analysis neurological defects after SAH; Lip-1 treatment
Hemin-induced HT22 (ACSL4; GPX-4; xCT; COX-2). can alleviate neuronal ferroptosis.
cells. In vitro: Cell viability analysis; Mitochondrial

functions evaluation; DIPY 581/591 C11.
Endovascular perforation In vivo: FJC staining; GSH and GPX4 activity |Neuronal ferroptosis may contribute to LiY. etal, 2021
rat model of SAH; measurement; TEM; Biomarker analysis neurological defects after SAH; Fer-1 treatment
Oxyhemoglobin-induced (GPX-4; FPN; TfR1); Iron stain assay. can alleviate neuronal ferroptosis.
SH-SY5Y cells. In vitro: Cell viability analysis; DIPY 581/591

Cl11.
Endovascular perforation Microglia In vivo: GSH, GPX4 activity, and MDA M2-type microglia may be more sensitive to Gao et al., 2022
mouse model of SAH; measurement; TEM; Biomarker analysis ferroptosis after SAH than M1-type microglia.
Hemin-induced BV2 cells. (ALOX-15; GPX-4; xCT);

In vitro: Cell viability analysis; DIPY 581/591

CI1.
Lp. injection of LPS In vivo: DCFH-DA for intracellular ROS; RSL3 inhibited LPS-induced inflammation of Cui et al,, 2021b
-induced inflammation MDA measurement. microglia in a Nrf2-dependent way.
model; In vitro: Cell viability analysis; LDH release
LPS-induced primary assay; DIPY 581/591 C11.
neonatal microglia.
Endovascular perforation In vivo: FJB staining; MDA measurement; Upregulated iNOS may mediate the defense Qu et al,, 2022
rat model of SAH; Biomarker analysis (GPX-4; FPN; Tf; xCT; effect of M1-type microglia against ferroptosis
Oxyhemoglobin-induced TfR1; COX-2). after SAH.
BV2 microglia. In vitro: Cell viability analysis; DIPY 581/591

CI1.
Lv. injection of autologous | Oligodendrocyte | In vivo: PI staining; Perls’ staining; TEM; Ferroptosis is the primary cell death form in Shen et al., 2022

blood induced IVH model;
Hemin induced primary
OPCs.

progenitor cells

Biomarker analysis (GPX-4; xCT; COX-2);
In vitro: GSH and GPX4 activity
measurement; DIPY 581/591 C11.

Hemin-induced and hemorrhagic
stroke-induced OPCs death.

Autologous blood-induced
mouse model of ICH.

RSL-3 induced ONL-93
oligodendrocytes.

Mbp knockout Shiverer
mice;

Primary Oligodendrocytes
from Pelizaeus-Merzbacher

patient.

Oligodendrocytes

In vivo: Dihydroethidium staining for ROS
identification; Perls’ staining; MDA
measurement; TEM; Biomarker analysis
(FSP1; GPX-4).

Some degree of ferroptosis in oligodendrocytes
after ICH, which can be alleviated by treatment
with dexpramipexole.

Wang B. et al,, 2022

In vitro: PI staining; Cell viability analysis;
ROS identification; Biomarker analysis
(ACSL4; xCT; GPX4; FSP1); GSH, GPX4
activity, and MDA measurement;
Mitochondrial lipid peroxidation detection.

Lip-1 can inhibit RSL-3-induced ferroptosis in
ONL-93 oligodendrocytes by upregulating
GPX4.

Jhelum et al., 2020

In vivo: Click-iT® lipid peroxidation
detection; TEM; CellROX® ROS sensor;
Biomarker analysis (GPX-4; FPN; Tf; xCT;
TfR1).

In vitro: Ce]lROX® ROS sensor; Biomarker
analysis.

Iron Chelation can reduce oligodendrocyte
ferroptosis in Pelizaeus-Merzbacher disease.

Nobuta et al., 2019

APP/PS1
double-transgenic mice

Astrocyte

In vivo: Mitochondrial ROS analysis; GSH,
the ratio of GSH/GSSG and GSSG

Astrocyte ferroptosis in Alzheimer’s disease is
promoted by upregulated NADPH oxidase 4.

Park et al., 2021
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TABLE1 (Continued)
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Disease model Cell type [Means for identification Potential mechanisms References
model of AD. measurement; glutamate-cysteine ligase

catalytic subunit measurement.
Angiotensin II-induced In vitro: Cell viability analysis; Biomarker Fer-1 reduced Angiotensin II-induced LiS. etal,, 2021
primary astrocyte. analysis (GPX-4; Nrf2; HO-1; COX-2); LDH | ferroptosis in astrocytes.

release assay; Intracellular total iron assay.
High glucose-induced Endothelial cells | In vitro: Cell viability analysis; PI staining; High glucose-induced HRCECs ferroptosis can Qin et al., 2021
human retinal capillary SOD, GPX4 activity, and MDA measurement; | be facilitated by TRIM46-induced GPX4
endothelial cells Biomarker analysis (GPX-4); DIPY 581/591 | ubiquitination.
(HRCECs). Cl1.

action (Handa et al, 2000). Later, more antioxidant drugs,
such as melatonin and N-acetylcysteine, upregulated the
antioxidant activity of GSH/GPX, causing neuroprotection in
SAH experimental animals (Ayer et al,, 2008; Lu et al., 2009).
Notably, any of these neuroprotective effects involve inhibition
of neuronal apoptosis.

After introducing the ferroptosis concept, the main focus
of the research was on a subtype of the GPX family, GPX4,
which also acts as a biomarker in SAH ferroptosis. Gao et al.
(2020) were the first to explore the role of GPX4 in SAH.
They showed that SAH significantly reduced GPX4, which is
mainly expressed in neurons, and overexpression of GPX4
alleviated lipid peroxidation-mediated cell death. Most drug-
related studies also focus on the up-regulation of GPX4 and
whether it can be achieved as a criterion for determining
whether a drug is effective for ferroptosis treatment (Huang
et al,, 2022; Yuan B. et al,, 2022). SLC7A11, as the critical target
regulating GSH synthesis, was also found to be impaired in SAH
models (Liu et al., 2022). But in terms of protein expression, the
reduction is not as significant as GPX4.

A recent study also validated the inhibition of the
FSP1/CoQ10 antioxidant system in vivo and in vitro SAH
models. They highlighted how the activation of a well-known
epigenetic regulator, Sirtuin 1 (SIRT1), alleviates neuronal
ferroptosis in SAH by upregulating the expression of FSP1 and
CoQ10B (Yuan B. et al, 2022). Their finding adds critically
to the existing knowledge about the antioxidant mechanism
underlying ferroptosis after a hemorrhagic stroke and deserves
more investment in future research.

6. The research dilemma and
prospects of ferroptosis

6.1. Technical barrier of ferroptosis
marker detection

Apoptosis, pyroptosis, and autophagy involve hallmark

molecules that can execute the cell death program, enabling
researchers to detect these PCDs by simple but specific
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techniques (Fang et al, 2020). In addition, technical means
such as TUNNEL staining and annexin v-pi staining help
to locate the apoptotic cells (Luchetti et al, 2023). For
autophagy, the autophagic-lysosome is its identification marker
(Rodgers et al, 2022). However, the currently established
markers for ferroptosis, GPX4, SLC7A1l, ACSL4, and
several iron metabolism-related indicators fail to point
to ferroptosis directly. In 2017, two independent groups
established that PEs-AA/ADA-OOH are the direct executor
of ferroptosis, providing a novel yet convincing biomarker
for validating ferroptosis (Kagan et al., 2017; Wenzel et al,
2017). However, separating and purifying this specific
phospholipid is challenging as the tedious and elaborate
process involves high-performance liquid chromatography and
mass spectrometry with high-purity standards for comparison.
Very few laboratories worldwide accurately detect PEs-
AA/ADA-OOH. Hence minimal testing has been performed
to evaluate its content in brain tissue after a hemorrhagic
stroke. Moreover, no ferroptosis-specific tissue staining
techniques or flow cytometry have been developed. Therefore,
the identification of ferroptosis still involves evaluating
morphological changes observed by TEM and verifying many

biomarkers.

6.2. The diversity of ferroptotic cell
types

Evidence from most of the current studies suggests that
the cell types undergoing ferroptosis after hemorrhagic stroke
mainly involve neurons (Zhang et al, 2018; Gao et al., 2020;
Huang et al, 2022). The recovery of neural function is
largely due to the repair of neurons. Moreover, the primary
regulators of ferroptosis, ACSL4, and GPX4, were mainly
localized in neurons, further validating the hypothesis that
ferroptosis occurs in neurons after an injury. Mitochondrial
ferroptotic damage within neurons under TEM observation
is critical for identification. However, multiple other cell
types in the brain have also been reported to undergo
ferroptosis.
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Several studies have reported the role of ferroptosis in
microglia, which put forward by Kapralov et al.’s (2020) research
on macrophage ferroptosis. They found M2-type macrophages
to be more sensitive than M1-type macrophages to ferroptosis.
Studies have shown that ferroptosis is prevalent in SAH
microglia, and the sensitivity of M1 and M2 microglia to
ferroptosis is also similar to that of peripheral macrophages
(Wu et al.,, 2020). Two subsequent studies indicated that this
sensitivity of microglia to ferroptosis may be regulated by the
expression of intracellular NRF2 or iNOS (Cui et al., 2021b; Qu
etal,, 2022). Nevertheless, the specific role of microglia upon the
onset of ferroptosis has not been fully explored.

Li et al. (2018) used TEM to observe mitochondria
characteristics of ferroptosis in axons of oligodendrocytes.
Subsequently, they further systematically presented ample
evidence of ferroptosis in oligodendrocytes after ICH (Shen
et al, 2022). Dexpramipexole has also been reported to
attenuate white matter damage caused by oligodendrocyte
ferroptosis in mice after ICH, thereby improving spatial
localization and motor function (Wang B. et al, 2022).
Moreover, ferroptosis has also been reported to be involved
in white matter damage after spinal cord injury, which can
be suppressed by the application of Fer-1 (Chen et al,
2022).

In an Alzheimer’s disease study, ferroptosis was shown
to occur in astrocytes and is positively regulated by NADPH
oxidase 4-mediated impairment of mitochondrial metabolism
(Park et al, 2021). Another study identified ferroptosis in
cultured astrocytes. Although the validation evidence for
ferroptosis in this in vitro experiment is not comprehensive (Li
S. et al, 2021), it still provides an outlook for the existence of
ferroptosis in astrocytes.

In addition, some studies or reviews have proposed the
feasibility and essential role of ferroptosis in endothelial cells
(Qin et al, 2021). However, evidence for it, especially in the
central nervous system (CNS), still appears to be lacking. In
summary, studying the ferroptosis of cells other than neurons
holds great promise in the CNS. The lack of practical means
makes this line of research somewhat challenging to identify
the specific ferroptotic cell localization. We have presented the
current studies for various types of ferroptosis in the CNS in
Table 1.

6.3. Uncertainty about the magnitude
and duration of ferroptotic action

Developing clinically effective drugs against ferroptosis
is a crucial goal of our research. The elucidation of the
molecular mechanism of ferroptosis after hemorrhagic new
stroke will facilitate the development of novel and more
efficacious drugs. There is electron microscopic evidence that
ferrotropis existed earlier in ICH than necrossis and autophagy
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(Li et al,, 2018). However, a significant challenge in this area
of research involves the failure to define the contribution of
ferroptosis to neurological impairment after hemorrhagic stroke
and the difficulty of determining which specific period after
hemorrhagic stroke plays a vital role in the ferroptosis effect.
The crucial questions remain: faced with various PCDs after
injury, which one aspect of research should we focus on?
Is it possible to target in combination some of these forms
of death to achieve the highest therapeutic effect? Are the
dominant PCDs different across periods after hemorrhagic
stroke? In fact, a large amount of basic studies related to
ferroptosis are lack of reliable experimental evidence. For
example, many articles have not provided evidence of TEM,
or arbitrarily concluded that ferroptosis changes only through
the changes in the end products of lipid peroxidation. And
most of studies have not been repeatedly verified or even
can’t be reproduced at all. It has to be admitted that in view
of the above problems, there is no treatment based on iron
death that can be carried out in a phase I clinical trial. These
issues are of paramount importance to be addressed in the
clinical translation of preclinical drug research for hemorrhagic
stroke. In the face of the above problems, using single cell
sequencing technology to classify dying cells in biology may
be a direction worth trying. Combining with the pseudotime
analysis, we may classify the outcomes of these cells by detecting
the marker molecules of PCDs, so as to solve the difficult
problems of time point after stroke and proportion of ferroptosis
in PCDs.
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Intracerebral hemorrhage (ICH) is a serious cerebrovascular disease with high
rates of morbidity, mortality, and disability. Optimal treatment of ICH is a major
clinical challenge, as the underlying mechanisms remain unclear. Ferroptosis, a
newly identified form of non-apoptotic programmed cell death, is characterized by
the iron-induced accumulation of lipid reactive oxygen species (ROS), leading to
intracellular oxidative stress. Lipid ROS causes damage to nucleic acids, proteins,
and cell membranes, eventually resulting in ferroptosis. In the past 10 years,
ferroptosis has resulted in plenty of discoveries and breakthroughs in cancer,
neurodegeneration, and other diseases. Some studies have also reported that
ferroptosis does occur after ICH in vitro and in vivo and contribute to neuronal
death. However, the studies on ferroptosis following ICH are still in the preliminary
stage. In this review, we will summarize the current evidence on the mechanism
underlying ferroptosis after ICH. And review the traditional modes of neuronal death
to identify the crosstalk with ferroptosis in ICH, including apoptosis, necroptosis, and
autophagy. Additionally, we also aim to explore the promising therapeutic application
of ferroptosis in cell death-based ICH.

intracerebral hemorrhage, ferroptosis, apoptosis, necroptosis, autophagy

1. Introduction

Intracerebral hemorrhage constitutes 10-15% of all strokes but accounts for almost 50% of
stroke mortality worldwide (Thrift et al., 2017). For patients with ICH, the rupture of blood
vessels in the brain results in primary brain injury and secondary brain injury (SBI) (Qureshi
et al,, 2009). These patients suffer from a lack of effective treatments to overcome harmful
brain symptoms and research efforts lag behind those for ischemic stroke (Donnan et al., 2010;
Hemphill et al,, 2015). In general, it is thought that the main mechanisms of neuronal death
in ICH are excitotoxicity, the toxicity of blood, oxidative stress, mitochondrial death pathways,
the release of free radicals, protein misfolding, apoptosis, necroptosis, necrosis, autophagy, and
inflammation (Wang, 2010; Aronowski and Zhao, 2011). Such mechanisms occur around the
hematoma and in remote areas of the brain, not necessarily in contact with the bleeding. These
all lead to neuronal death and dissipation of function which are particularly crucial because
adult neurons have a limited ability to proliferate or replace. In the past, common neuronal
death modalities following ICH included apoptosis, necroptosis, pyroptosis, autophagy, and
parthanatos (Zhang et al., 2022¢). Until, Li et al. (2017b) confirmed the occurrence of ferroptosis
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through the ICH mouse model, which was the earliest report of
neuronal ferroptosis after ICH. They also showed that ferrostatin-1
(Fer-1), a ferroptosis inhibitor, improved the neurological functions
of mice after acute ICH (Li et al,, 2017b). In Zille et al. (2017)
reported that necroptosis and ferroptosis inhibitors each abrogated
neuronal death by >80% after ICH and had similar therapeutic
windows in vitro. So, Ferroptosis may provide new insights into
neuronal death after ICH. Subsequently, many researchers have
investigated the mechanism of ferroptosis in ICH, intending to
identify new directions and targets for treating SBI after ICH (Li
et al, 2018, 2020; Bao et al,, 2020). Multiple modes of cell death
after ICH have been identified. However, the crosstalk between
cell death post-ICH is ambiguous, which makes it difficult for
scientific researchers to explore the prevention and treatment of ICH
(Fricker et al, 2018). In this review, we specifically focus on the
mechanism of ferroptosis in neuronal death after ICH and compare
the similarities and differences between ferroptosis and several
dominant modes of neuronal death, such as apoptosis, necroptosis,
and autophagy which exactly can be observed in the pathogenesis of
ICH. Additionally, inhibiting neuronal death is a critical component
of future therapeutic strategies for ICH. we also search for promising
therapeutic applications to improve nerve function after ICH.

2. Ferroptosis in ICH

Ferroptosis, a newly identified iron-dependent concept of
regulated cell death (RCD) type, was first proposed by Dixon et al.
(2012). It is associated with iron, amino acid, and lipid metabolism.
The iron-dependent accumulation of lipid peroxidation is the key
trigger (Dixon et al., 2014; Conrad et al., 2018; Fujii et al., 2020).
The Nomenclature Committee on Cell Death (NCCD) defined
ferroptosis as “a form of RCD initiated by oxidative perturbations
of the intracellular microenvironment that is under constitutive
control by glutathione peroxidase 4 (GPX4) and can be inhibited
by iron chelators and lipophilic antioxidants” (Galluzzi et al,, 2018).
During intracerebral hemorrhage, there is a high flow of iron
originating from hemoglobin and hemoglobin, which contributes
to cell death that may occur hours or days after the bleeding,
and other factors released from blood may also play a role. In
Zille et al. (2017), reported that the ICH model treated with Hb
had an increased level of extracellular regulated protein kinases
(ERK1/2). ERK1/2 is a critical signal in the RAS-RAF-MEK pathway
in the process of ferroptosis providing sufficient evidence for the
occurrence of neuronal ferroptosis after ICH. In another study,
Zhang et al. (2018) showed that the expression of GPX4 was markedly
reduced during acute ICH. GPX4 is an important antioxidant that
protects neurons against oxidative stress and ferroptosis. Many
studies have also revealed that the administration of ferrostatin-
1 (Fer-1), a specific inhibitor of ferroptosis, prevented neuronal
death and improved neurological function after ICH in vitro and
in vivo (Wu et al,, 2011; Li et al.,, 2017b; Stokum et al., 2020). Li
et al. (2017b) also used transmission electron microscopy to find
mitochondrial morphological atrophy characteristic of ferroptosis in
perihematoma neuronal cells, which may provide strong evidence
for the occurrence of ferroptosis after intracerebral hemorrhage.
These findings fill an important gap in ferroptosis after ICH and
provide a vital foundation for cell death-based ICH treatment in the
future.
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3. The underlying mechanisms of
ferroptosis in ICH

So far, the metabolic mechanisms of ferroptosis after ICH seems
to be tightly linked to three main categories: the metabolism of
amino acids, iron, and lipids, which involve a complex network to
shape oxidative stress (Figure 1). Metabolic dysregulation of any
one of them may influence ferroptosis. Any molecular change or
pharmacological intervention that regulates any of these elements
may affect the final consequences of ferroptosis (Liu and Gu,
2022). Strategies targeting ferroptosis pathways have resulted in
neuroprotection in preclinical models and some of these have
shown promise for patients with ICH (Stockwell et al, 2017).
Understanding the mechanisms of ferroptosis after ICH will provide
a vital foundation for cell death-based ICH treatment and diagnosis.

3.1. Amino acid metabolic pathway

Amino acid metabolism is tightly linked to the regulation of
ferroptosis (Angeli et al., 2017). Upregulating GPX4 expression in the
ICH model can inhibit ferroptosis and treat ICH (Peng et al., 2022).
The GPX4 is currently recognized as a central repressor of ferroptosis,
and its activity depends on antioxidant glutathione (GSH). The GSH
is a tripeptide composed of glutamic acid, cysteine, and glycine. The
three kinds of amino acids are from different pathways. The system
xc- antiporter, comprised of SLC7A11 and SLC3A2, is responsible for
the transmembrane import of extracellular cystine, which is reduced
back to intracellular cysteine. Due to the limited concentration
of cysteine in cells, cysteine is considered to be the rate-limiting
precursor for GSH synthesis. Glutamate and glutamine are also
important regulators of ferroptosis (Gao et al, 2015). Researchers
have found in mice, rabbits, and patients with ICH that glutamate
levels in brain tissue surrounding the hematoma were elevated (Li
et al,, 2017b; Epping et al,, 2022). The addition of human glutamate
to the culture medium of HT22 hippocampal neurons resulted in a
significant increase in cell death (Chen et al,, 2022a). Li et al. (2017b)
found that the application of glutaminase inhibitors could inhibit the
decomposition of glutamine into glutamate, and significantly reduce
the number of degenerate nerve cells around hematoma. These all
confirmed that poor clinical outcomes and increased volume of the
residual cavity after ICH are associated with high concentrations of
glutamate in blood within the first 24 h from symptom onset (Li
et al, 2017a). The presence of large amounts of glutamate will be
the rate-limiting precursor for GSH synthesis which is the key to
ferroptosis (Leasure et al,, 2021). Some study has also highlighted
the role that selenium plays in modulating ferroptosis via its co-
translational incorporation into selenocysteine in GPX4 (Ingold et al,,
2018). A single dose of Se delivered into the brain drives antioxidant
GPX4 expression, protects neurons, and improves behavior in an
intracerebral hemorrhage model. These all findings give us some
insights into the treatment of ICH by inhibiting ferroptosis based on
amino acid metabolism.

3.2. lron metabolism

Iron metabolism disorder is thought to be a key factor in
ferroptosis. While lipid peroxidation causes ferroptosis, an increase
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FIGURE 1
Core mechanisms and signaling pathways of ferroptosis in Intracerebral hemorrhage (ICH). Ferroptosis is driven by the accumulation of PLOOHSs, which
is tightly linked to the metabolism of amino acids, iron, and lipids. Iron overload and antioxidants lacking as the major component of lipid peroxidation,
which contribute to ferroptosis. Fe3+, released from hemoglobin after ICH, converts into Fe2+ by Fenton reaction. Too much Fe2+ causes iron overload
in neurons, accelerating intracellular reactive oxygen species (ROS) production and promoting ferroptosis. GSH-GPX4 and FSP1-CoQ are the two main
pathways against ferroptosis. Restriction of either pathway will promote ferroptosis. PLOH, phospholipid alcohol; PLOOHSs, phospholipid
hydroperoxides; FSP1, ferroptosis suppressor protein 1; CoQ10, coenzyme Q10; CoQ10H2, ubiquinol-10; Ox-LDL, oxidized low-density lipoprotein;
LOXs, lipoxygenases; Hb, hemoglobin; Fe3+, ferric iron; Fe2+, ferrous iron; ACSL4, Acyl-CoA synthase long-chain family member 4; AA-CoA,
arachidonoyl-CoA; LPCATS3, lysophosphatidylcholine acyltransferase 3; FPN, ferroportin; RSL3, RAS-selective lethal 3; GPX4, glutathione peroxidase 4;
GSH, glutathione; GSSG, glutathione disulfide; GR, glutathione reductase; ALOX15, arachidonate 15-lipoxygenase; SLC3A2, solute carrier family 3
member 2; SLC7A11, solute carrier family 7 member 11.

in intracellular iron is a risk factor for ferroptosis, and the level of
damage is greater when iron is raised. Iron, a putative neurotoxin,
is a major product of lysed erythrocytes in hematoma after ICH.
It can be engulfed by microglia and infiltrating macrophages in
the perihematomal zone and metabolized into ferrous/ferric iron,
which induces the formation of lethal ROS and lipid peroxidation
2022a). Since

intraparenchymal hematomas and red blood cells are the main

contributing to ferroptosis and SBI (Zhang et al,

sources of free iron in the ICH brain, resolution of hematoma and
the clearance and phagocytosis of red blood cells might reduce
iron-induced ferroptosis. Further research is necessary to examine
these methods for treating iron-induced ferroptosis. Deferasirox
(DFR), a trivalent iron chelator, suppressed microglia/macrophage
activation in peri-hematoma area at 3 days after ICH and significantly
suppressed the intracellular Fe2+ accumulation and cell death caused
by hemin exposure. It might be a useful therapeutic agent for the
therapy of ICH (Imai et al,
toxic hydroxyl radicals and trigger ROS formation to attack DNA,

2021). Excessive iron form highly

proteins, and lipid membranes, thereby disrupting cellular functions
and causing neuronal death (Magtanong and Dixon, 2018; Zhang
et al,, 2022¢). Wu et al. have shown that iron ions overload occurs
in the posterior brain of ICH which accumulates within 3 days
after ICH causing brain edema and cell death (Urday et al, 2015;
Selim, 2022). Mechanistically, following ICH, excessive ferric irons
from red blood cells (RBC) bind to transferrin (TF) in serum
transported into cells through receptor-mediated effects (Schwartz-
Duval and Sokolov, 2022). Ferric irons are reduced to ferrous ions
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by divalent metal transporter 1 (DMT1) and accumulation in nerve
cells. Ferrous ions induce excessive lethal ROS and lipid peroxide
formation. In a previous study of ICH in mice, two kinds of iron
chelators, deferoxamine (DFX) and VK28, reduced the number of
nerve cell death, iron ion accumulation, microglia activation and
improved the neural function of mice eventually (Li et al., 2017a).
Iron-dependent Fenton chain reaction is likely the key to ferroptosis.
When GPX4 is lacking, phospholipid hydroperoxides (PLOOH:s) in
the cell cannot be removed in time and will react with iron to trigger
the Fenton chain reaction, generating more PLOOHs. This is also a
hallmark of ferroptosis (Conrad and Pratt, 2019). This reaction not
only damages lipids and proteins but also causes oxidative damage
to DNA, including DNA base modifications and DNA strand breaks
(Gu et al, 2022; Wu et al, 2022). While an iron overload does
not always induce ferroptosis, it will enhance cell death when it
occurs. The mechanisms of brain iron metabolism are still poorly
understood, which greatly limits the development of therapeutic
drugs targeting brain iron efflux after ICH. Therefore, elucidating
the mechanisms underlying iron metabolism is crucial to developing
effective therapeutic strategies to reduce iron accumulation in ICH
(Bao et al., 2020).

3.3. Lipid metabolism

In the physiological state, the dynamic balance between oxidation
and antioxidant reactions helps to keep the body operating normally.
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Polyunsaturated fatty acids (PUFAs), an integral component of the
plasma membrane, may be oxidized in vivo enzymatically. Excess
oxidized PUFA is converted by GPX4 to a non-toxic form. PUFAs can
also be generated with fenton chemistry but a functional GPX4/GSH
axis should be able to maintain homeostasis. One of the features
of ferroptosis is the accumulation of LPO which causes a variety of
damage to the structure and function of cells and membranes (

, ). LPO is a lipid with a peroxide group formed after the
reaction of unsaturated fatty acid chains with free radicals or ROS.
Under normal conditions, the level of LPO is extremely low, but in
pathological conditions, increased lipid peroxidation can lead to an
increase. It has been illuminated as a clear mechanism to produce
highly LPO with ROS up-regulation through the fenton chemistry
( »2019; ,
GPX4 deficiency, and PLOOHs cannot be cleared in time pointing to

). After ICH, ferrous ions overload,

the susceptibility of the fenton chemistry. Overload ROS that exceeds
the antioxidant capacity of cells leads to an enhanced oxidative
stress response, which directly or indirectly damages proteins, nucleic
acids, lipids, and other macromolecular substances ( R ).
Finally, the membrane is damaged and the cell collapses and dies
due to the lipid peroxidation inside the phospholipid of the cell
membrane. In addition, GPX4, a selenoprotein, implies that selenium
availability impacts the sensitivity to ferroptosis. It functions to
reduce PLOOHs to lipid alcohols (L-OH) and to reduce H,O, to
H,O then reduce the damage to membrane function ( R

). Delivery of selenium to cells or animals to upgrade GPX4
level can suppress ferroptosis, including in a mouse model of ICH
( ,2018; ,2018; ,

). However, abnormal amino acid metabolism after ICH results
in GPX4 deficiency as mentioned above. Other research has shown
that the suppression of GPX4 is related to cyclooxygenase-2 (COX-2)
and the increased expression of 15-lipoxygenase (ALOX15) (

, ). ( ) observed in a collagenase-induced
ICH model that COX-2, encoded by-product cyclooxygenase-2
(PTGDS-2), was highly expressed in post-ICH neurons. High
expression of COX-2 contributes to ferroptosis by inhibiting the
antioxidant effect of GPX4. In addition, ALOX15 participates in the
programmed degradation of organelles by binding to the membranes
of various organelles in cells. In vitro ALOXI15 is found to bind
to mitochondria leading to membrane disintegration and ROS
production ( R ). Currently, increased ALOX was
observed after ICH in both humans and mice ( )

). Lipoxygenases (LOXs) have been also implicated as central
). 5-lipoxygenase (5-LOX)
inhibitor Zileuton could inhibit ferroptosis and play a protective

players in ferroptosis ( ,

role in nerve cells through the reduction of lipid peroxides (LPO)
production ( , ; , ). Therefore, the
regulation of enzymes in lipid metabolism and enhancement of
cellular antioxidant effects are other potential targets for inhibiting
ferroptosis.

There are various forms of cell death have been identified in
ICH earlier except for ferroptosis ( s ; s
; , ) ; ) )s

including apoptosis ( , ; ,
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R ), necroptosis ( , ; > )
autophagy ( R ; s ; R

) and so on in humans and experimental animals. Ferroptosis
is mainly characterized by lipid peroxidation-induced cell death,
which is morphologically, biochemically, and genetically distinct
from apoptosis, necroptosis, and autophagy[14]. Cell death pathways
have long been considered to function in parallel with little or no
overlap. However, it is currently clear that apoptosis, necroptosis,
autophagy, and ferroptosis are tightly connected and can cross-
regulation each other. ( ), found that during ferroptosis
ferritin is actively degraded via an autophagy pathway and the iron
is released from ferritin to actively promote ferroptosis and hence he
demonstrated that autophagy is important for ferroptosis initiation.
Hou et al. also demonstrated experimentally that autophagy
promotes ferroptosis by degrading ferritin in fibroblasts and cancer
cells. And the erastin-induced ferroptosis could be inhibited by Atg5
(autophagy-related 5) and Atg7 knockouts or knockdowns, which
resulted in lower intracellular ferrous iron levels and reduced lipid
peroxidation ( , ). Briefly, modes of cell death following
ICH are varied and overlapping. The mechanisms involved need
to be supported by more research. Here will show the overview
and comparison of different neuronal cell death types: apoptosis,
necroptosis, and autophagy. Each type, along with its characteristics
and mechanisms, and their potential roles in brain damage after
ICH, are discussed below and are compared with the corresponding
features of ferroptosis ( ).

4.1. Ferroptosis and apoptosis

Apoptosis is an active process that is subject to strict
gene activation, expression, and regulation, demarcated by
permeabilization of the mitochondrial outer membrane and
promoted by executioner caspases ( R ). Studies on
the regulation of apoptosis after ICH have been conducted earlier. In
( ) reported that leukocytes infiltrating the brain in
ICH can release harmful substances, such as proteolytic and oxidizing
agents as well as cytokines, which can injure or kill cells through
caspase-dependent or independent pathways ( , ).
In a rabbit ICH model, the levels of active caspase-3, Fas, FasL, and
active caspase-8 were upregulated in neurons near the hematoma
driving neuronal apoptosis after ICH ( , ).

( ) reported that histone deacetylase 6 (HDAC6) inhibition
protects against brain injury post-ICH by reducing neuron apoptosis
and apoptosis-related protein expression levels by acetylation of
malate dehydrogenase 1 (MDH1). Studies of tumors have shown
that the ferroptosis inducer erastin activates the p53-dependent
CHOP/PUMA axis and increases sensitivity to apoptosis induced by
the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
( ,
through the JNK signaling pathway activity ( ,

). Ferroptosis has been shown to inhibit apoptosis
). Thus,
there are some crosstalk between ferroptosis and apoptosis.

4.2. Ferroptosis and necroptosis

Necroptosis combines both necrosis and apoptosis, hence
the term necroptosis ( , ). It is a
regulated form of necrotic cell death mediated by receptor-
interacting kinase 1 (RIPK1), receptor-interacting protein kinase 3
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TABLE 1 The main feature of apoptosis, necroptosis, autophagy, ferroptosis.

Type of cell | Morphological feature Relationship with ferroptosis
death

Apoptosis Plasma membrane blebbing, exposure of membrane Bax, Bak, p53, Bcl-2, Ferroptosis inhibit apoptosis through the JNK signaling
phosphatidylserine, cellular and nuclear volume reduction. Bcl-XL pathway activity
Nuclear shrink, nuclear fragmentation, chromatin
condensation and margination
Necroptosis Rupture of plasma membrane. Organelle swelling. Moderate RIP1/3, MLKL Ferroptosis is always accompanied by necroptosis.
chromatin condensation NADPH might be a link between them
Autophagy Formation of double-membraned autolysosomes PI3K-AKT-mTOR, Autophagy regulates intracellular iron homeostasis and
MAPK-ERK1/2-mTOR ROS synthesis to promote ferroptosis
signal pathway
Ferroptosis The cell membrane did not rupture and blisters. Mitochondrial NOX, GPX4, p53, HO-1

DHODH, FSP1, BH4,
GOT1, NRF2

crests are reduced or disappeared, and the outer mitochondrial

membrane ruptures. Normal nuclear size and chromatin

(RIPK3), and mixed lineage kinase domain-like (MLKL) (Conrad
et al, 2016; Cao et al, 2022). RIPK1 activates RIPK3 and
thereby recruits MLKL at the cell membrane, which causes
membrane rupture and eventually triggers necroptosis (Samson
et al, 2021; Gupta et al, 2022). Necroptosis is involved in cell
death associated with ICH (Galluzzi et al, 2018). Neurovascular
injury and related hemolysis of extravasated erythrocytes post-ICH
producing hemoglobin degradation metabolites may trigger the
neuroinflammatory response of surrounding astroglia resulting in
activation of the necroptotic pathway. Meanwhile, Necrostatin-1,
a specific RIPK1 inhibitor, has been shown to reduce cell death,
hematoma volume, and neurobehavioral outcomes in a mouse model
of ICH (Gupta et al., 2022). Numerous reports have suggested that
ferroptosis is always accompanied by necroptosis (Lv et al., 2021). The
major ultrastructural characteristics of hemin-induced neuron death
are related to ferroptosis and not necroptosis. In contrast, molecular
marker levels of both ferroptosis (ferric iron, GSH, and GPX4) and
necroptosis (MLKL and RIPK3) may increase after ICH. NADPH
might be a link between ferroptosis and necroptosis (Hou et al., 2019).
However, such studies regarding ICH are lacking (Lin et al., 2016;
Newton et al., 2016; Minagawa et al., 2020; Chen et al., 2022b).

4.3. Ferroptosis and autophagy

Some research has revealed the important role of autophagy
in ferroptosis, especially selective types of autophagy (e.g.,
ferritinophagy, lipophagy, clockophagy, and chaperone-mediated
autophagy) (Liu et al, 2020). Ferritinophagy is the process of
autophagic degradation of the iron storage protein ferritin, which
is critical for the regulation of cellular iron levels. ferritinophagy
promotes ferroptosis by releasing free iron from ferritin. Inhibition
of Ferritinophagy inhibits ferritin degradation and therefore reduces
free iron levels and thus limits subsequent oxidative injury during
ferroptosis (Gao et al,, 2016; Hou et al., 2016). Moreover, deficient
ferritinophagy may increase the activity of iron-responsive element
binding protein 2 (IREB2/IRP2) to promote ferroptosis (Dixon
et al, 2012). According to Gao et al. (2016) autophagy regulates
intracellular iron homeostasis and ROS synthesis to promote
ferroptosis. In vitro experiments showed that Erastin, a synthetic
small-molecule compound, which induces ferroptosis and activates
autophagy, led to intracellular ferritin degradation to further increase
the level of intracellular iron ions through autophagy, resulting in
rapid accumulation of intracellular ROS, which promote ferroptosis.
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Hou et al. (2016) also demonstrated that the activation of autophagy
further promoted ferroptosis by degrading ferritin in tumor cells.
Suppressing autophagy is one of the ways to inhibit ferroptosis.
Lipophagy, the autophagic digestion of lipid droplets can release
free fatty acids. The level of lipid droplets is negatively related to
oxidative stress-induced ferroptosis (Cho et al, 2022). Increased
lipid droplet formation suppresses RSL3-induced ferroptosis in
hepatocytes (Cho et al, 2022). In contrast, increased lipophagy
promotes lipid droplet degradation and therefore increases lipid
peroxidation-mediated ferroptosis (Cho et al, 2022). Chaperone-
mediated autophagy (CMA) is a type of selective autophagy that
uses molecular chaperones to deliver certain cytosolic proteins
to lysosomes for degradation based on the recognition of specific
amino acid sequences. ER stress-associated molecular chaperone,
can limit erastin-induced GPX4 degradation and therefore protects
against ferroptosis in pancreatic cancer cells (Zhu et al, 2017).
These findings establish a model of interaction between CMA and
autophagy to determine GPX4 protein stability in ferroptosis. In
brief, ferroptosis and autophagy are inseparable and both contribute
to neuronal death in ICH. Understanding the mechanism of
autophagy and inhibiting it is one of the ways to inhibit neuronal
ferroptosis.

5. Therapeutic application

Although the efficacy of medical interventions targeting
pathological pathways of ICH has been verified in several preclinical
studies, their promise has not translated to clinical trials in patients
with ICH (Jin et al,, 2021). Further efforts are needed to improve
these limited medicinal approaches, mitigate neuronal death, and
facilitate functional recovery during and after ICH. Ferroptosis
has been shown to mediate the damage processes in patients with
ICH (Li et al, 2020). Many previously reported neuroprotectants
that showed protective effects in ICH models and patients were
validated as ferroptosis inhibitors recently. Here we summarized
the therapeutic targets of inhibitors of ferroptosis in ICH models
(Figure 2 and Table 2).

5.1. Selenium supplementation

Neurons respond to ferroptosis stimuli by induction of
selenoproteins, including antioxidant GPX4. A single dose of Se
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delivered into the brain drives antioxidant GPX4 expression, protects
neurons, and improves behavior in an ICH model. According to Tuo
et al. (2021), certain selenocompounds are selective anti-ferroptotic
medications that can cross the blood-brain barrier and prevent
neuronal death in ischemic stroke. Recent studies demonstrated that
selenium can drive protective transcriptional responses, including
the transcriptional activators TFAP2c and Sp1, to upregulate GPX4
and suppress ferroptosis (Alim et al, 2019). Pharmacological Se
supplementation effectively inhibits GPX4-dependent ferroptosis.
The inhibition of ferroptosis and neuronal protection of selenium
via transcriptional regulation have been verified in mouse models
of ICH and ischemic stroke (Alim et al., 2019). In vitro and in vivo
results highlight the potential of the pharmacological administration

10.3389/fncel.2023.1080344

of selenjum for the treatment of both hemorrhagic and ischemic
stroke. It is also noteworthy that the Tat SelPep (a peptide that can
increase GPX4 expression in the brain) can overcome the narrow
therapeutic window of direct intracerebroventricular injections of
sodium selenite, providing a novel strategy to deliver selenium with
minimal toxicity (Alim et al., 2019).

5.2. Iron chelators

Intracerebral hemorrhage leads to iron overload and the
upregulation of iron-handling proteins, resulting in a brain injury
that can be reduced by DFX, an iron chelator, indicating that

@elenium supplementati@

® Fe*'

@ipoxygenase 1&@
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FIGURE 2

(DMT1 inhibitg@ (Iron chelatg@

Potential therapeutic strategies based on neuronal ferroptosis after Intracerebral hemorrhage (ICH). Several regulators in the ferroptosis pathway are
highlighted in the treatment of ICH. These regulators have been confirmed to play roles in ferroptosis. After ICH, in addition to the primary brain injury
caused by the hematoma compressing the surrounding brain tissue, Hb, iron, and other neurotoxic substances released by the hematoma also
contribute to the increase of reactive oxygen species (ROS), resulting in ferroptosis and cause secondary brain injury. DMT1 and Iron chelators could
reduce iron overload from two aspects, respectively. GPX4 acts as an antioxidant that inhibits ER stress and reduces lipid peroxides in cells to harmless
PLOH to inhibit ferroptosis. It has been well established that GPX4 deficiency causes neuronal ferroptosis after ICH. Selenium supplementation augments
GPX4 and other genes in this transcriptional program, the selenome, via coordinated activation of the transcription factors TFAP2c and Spl to protect
neurons. Hb, hemoglobin; Fe3+, ferric iron; Fe2+, ferrous iron; TF, transferrin; TFR1, transferrin receptor 1; DMT1, divalent metal transporter 1; Gpx4,
glutathione peroxidase 4; PLOH, phospholipid alcohol; PLOOHSs, phospholipid hydroperoxides; ER, endoplasmic reticulum.

TABLE 2 Reagent associated with ferroptosis.

Reagent Target/function Impact on ferroptosis Mechanism

Selenium Selenoproteins, GPX4 Stimulates the expression of the selenoproteins, such as antioxidant GPX4 GPX4 availability

DFX Iron Function as iron chelator, depletes iron, and prevent iron-dependent lipid Reduced iron overload
peroxidation

VK-28 Iron Function as iron chelator, depletes iron, and prevent iron-dependent lipid Reduced iron overload
peroxidation

Deferiprone Iron Function as iron chelator, depletes iron, and prevent iron-dependent lipid Reduced iron overload
peroxidation

LOX inhibitors Lipid peroxidation Inhibits cytosolic ROS production and blocks lipid peroxidation Radical trapping

Ebselen (DMT1 Iron Reduced the iron ion transport activity of DMT1 and prevents iron-dependent Reduced iron overload

inhibitors) lipid peroxidation
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iron imbalance is an essential initiator of ferroptosis and can
provide new insights into the neuroprotective activity of iron
chelators (Xue et al, 2022). DFX inhibits the overactivation of
microglia by forming an iron amine chelate with iron ions around
the hematoma, preventing iron ions from providing electrons to
oxygen to form ROS (Dixon and Stockwell, 2014; Li et al., 2017b).
This processing alleviates cerebral edema, neurological deficit, and
brain atrophy after ICH in rats (Selim et al, 2019). Several
iron chelators have been developed. DFX was approved by the
FDA in 1968 as an iron chelator that concentrates in the brain
following subcutaneous injection. By sequestering nonheme iron,
DFX effectively diminishes hydroxyl radical formation and reduces
brain damage after subarachnoid hemorrhage (SAH) (Pandya et al,,
2021). In addition to SAH, studies have reported favorable effects
of DFX in various hemorrhage models, including reduced iron
overload, attenuated brain-blood barrier (BBB) disruption, reduced
dendritic and white matter damage, improved neurological behavior,
and lower rates of mortality (Selim et al,, 2019). However, according
to Selim et al. (2019), the Intracerebral Hemorrhage Deferoxamine
(i-DEF) trial failed to demonstrate that using DFX to treat ICH
patients was sufficient enough and further research is needed to
determine its effectiveness. Compared with DFX, VK-28 has a greater
advantage in that it can penetrate the intact BBB which is a more
effective and safer advantage. Therefore, VK-28 may act at lower
concentrations in the brain, making it more suitable for clinical (Li
et al, 2017a). Deferiprone, an iron chelator that can cross the blood-
brain barrier, is utilized for transfusion-dependent thalassemia as well
as in Parkinson’s disease clinical trials (Devos et al, 2022). These
results may stimulate further development of iron chelators for ICH
treatment.

5.3. Lipoxygenase inhibitors

Lipoxygenases inhibitors with radical trapping can function as
terminators of the radical chain reactions of lipid autoxidation to
inhibit ferroptosis (Poon et al,, 2021). For LOX inhibitors that lack
radical trapping ability, those targeting 15-LOX-1, exhibit a degree
of anti-ferroptosis activity (Kagan et al,, 2017). 15-LOX-1 has been
regarded as a potent target for stroke treatment. Among the six
LOXs isoforms (15-LOX-1, 15-LOX-2, 12S-LOX, 12R-LOX, eLOX3,
and 5-LOX), 15-LOX-1 levels increase under pathological conditions
in both human and mice following stroke (Vigitkanli et al,, 2013;
Watanabe et al,, 2022). Moreover, 15-LOX-1-KO mice exhibited a
protective ability against ischemic injury in several experimental
stroke models (Shen et al, 2020a), highlighting the benefits of
inhibiting 15-LOX-1 during stroke treatment. Targeting 15-LOX-
1 during both ischemic and hemorrhagic stroke treatment showed
effective and potent neuroprotective activity in several mouse models
(Yigitkanli et al,, 2013; Shen et al, 2020b). 15-LOX-1 inhibitors
lacking radical-trapping activity might block ferroptosis by directly
inhibiting the complexes. This provides a novel direction for the
future development of such inhibitors.

5.4. DMT1 inhibitor

Divalent metal transporter 1 is a divalent metal ion transporter
and is the only protein that transports ferrous iron from endosomes
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into the cytosol (Gao et al, 2015). In endosomes, upon release of
ferric iron from transferrin following acidification, ferric iron is
reduced to ferrous iron by a specific reductase and then ferrous iron
is pumped in the cytosol by DMT1. After ICH, the expression of
DMT1 is significantly increased. Ferrous ions induce the formation
of excessive ROS and LPO, which are important factors causing
ferroptosis in nerve cells (Nogueira et al,, 2021). Pretreatment with
the DMT1 inhibitor, ebselen, significantly reduced the iron ion
transport activity of DMT1 and inhibited the production of ROS
(Cheng et al, 2022). Research demonstrated that ebselen further
attenuated DMT1 by inhibiting ferroptosis of neuronal cells after
SAH in rats. At present, it is necessary to further strengthen the study
of ebselen in cerebral hemorrhage.

6. Conclusion and perspectives

In recent years, the study of ferroptosis has gradually increased,
and it is significant in exploring the direction of treatment and
intervention for ICH. Ferroptosis is considered to be a form of
regulated necrosis, which is strictly controlled at multiple levels
(Stockwell et al,, 2020; Chen et al,, 2021). In general, ferroptosis
is closely related to the intracellular iron ion, GSH, LPO, and so
on factors. Selenium, iron chelators, lipoxygenase inhibitors, and
DMTT1 inhibitors can be used to inhibit cellular ferroptosis after
ICH. It is expected to provide a new direction for the clinical
treatment of ICH. Ferroptosis has more probing value in brain
protection and improving neurologic function after ICH. However,
more in-depth research is needed on how to translate these basic
research results into clinical applications and reduce associated
adverse effects.

In this review, we explored and summarized the modes of cell
death after ICH, including apoptosis, autophagy, necroptosis, and
ferroptosis. However, whether there is a sequential, synergistic,
or other relationship between those modes of cell death is
unknown and many mechanisms and regulatory factors of
ferroptosis remain undiscovered. We discovered the existence
of ferroptosis in neuronal cells following ICH by reviewing the
literature, and also found some pathways and factors involved
in regulating ferroptosis. But which plays a major role in the
ferroptosis of neuronal cells after ICH, and are there other
pathways of regulation? Many doubts remain to be resolved.
In summary, although there are a large number of regulators
that directly or indirectly affect the iron accumulation and lipid
peroxidation to regulate ferroptosis post-ICH, there are still
many questions that have not been answered. Further functional
investigations into the complicated machinery and regulation of
ferroptosis will provide a new way to effectively treat neuronal
death after ICH.

Author contributions

YZ determined the structure of the review. YC selected the
references and contributed to the writing. WX contributed to the
revision and finalization of the manuscript. SL prepared the all
figures. All authors contributed to the article and approved the
submitted version.

frontiersin.org


https://doi.org/10.3389/fncel.2023.1080344
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Cao et al.

Funding

This research was supported by the National Science and
Technology Fundamental Resources Investigation Program of China
(No. 2018FY100900), the National Natural Science Foundation of
China (Nos. 815771151 and 82201614), and the Hunan Provincial
Natural Science Foundation of China (No. 2021]J30923).

Acknowledgments

We thank Jueyi Mao for her help on article submission. We
also thank Figdraw (www.figdraw.com) for expert assistance in the
pattern drawing.

References

Alim, I, Caulfield, J. T., Chen, Y., Swarup, V., Geschwind, D. H., Ivanova, E,, et al.
(2019). Selenium drives a transcriptional adaptive program to block ferroptosis and treat
stroke. Cell 126:e1225.

Angeli, J. P. F,, Shah, R, Pratt, D. A., and Conrad, M. (2017). Ferroptosis inhibition:
Mechanisms and opportunities. Trends Pharmacol. Sci. 38, 489-498.

Aronowski, J., and Zhao, X. (2011). Molecular pathophysiology of cerebral
hemorrhage: Secondary brain injury. Stroke 42, 1781-1786. doi: 10.1016/j.tips.2017.02.
005

Bao, W. D., Zhou, X. T., Zhou, L. T., Wang, F., Yin, X,, Lu, Y., et al. (2020). Targeting
miR-124/Ferroportin signaling ameliorated neuronal cell death through inhibiting
apoptosis and ferroptosis in aged intracerebral hemorrhage murine model. Aging Cell
19:€13235. doi: 10.1161/STROKEAHA.110.596718

Cao, L., and Mu, W. (2021). Necrostatin-1 and necroptosis inhibition: Pathophysiology
and therapeutic implications. Pharmacol Res 163:105297. doi: 10.1111/acel.13235

Cao, T, Ni, R, Ding, W,, Ji, X,, Li, L,, Liao, G, et al. (2022). MLKL-mediated
necroptosis is a target for cardiac protection in mouse models of type-1 diabetes.
Cardiovasc. Diabetol. 21:165. doi: 10.1016/.phrs.2020.105297

Chen, C. W, Chen, T. Y., Tsai, K. L., Lin, C. L., Yokoyama, K. K., Lee, W. S,, et al.
(2012). Inhibition of autophagy as a therapeutic strategy of iron-induced brain injury
after hemorrhage. Autophagy 8, 1510-1520. doi: 10.1186/512933-022-01602-9

Chen, J., Li, X,, Ge, C,, Min, J., and Wang, F. (2022a). The multifaceted role of
ferroptosis in liver disease. Cell Death Differ. 29, 467-480. doi: 10.4161/auto.21289

Chen, X, Li, J., Kang, R., Klionsky, D., and Tang, D. (2021). Ferroptosis: Machinery
and regulation. Autophagy 17, 2054-2081. doi: 10.1038/s41418-022-00941-0

Chen, X., Zhu, R,, Zhong, J., Ying, Y., Wang, W., Cao, Y., et al. (2022b). Mosaic

composition of RIP1-RIP3 signalling hub and its role in regulating cell death. Nat. Cell.
Biol. 24, 471-482. doi: 10.1080/15548627.2020.1810918

Cheng, H., Wang, N., Ma, X,, Wang, P., Dong, W., Chen, Z., et al. (2022). Spatial-
temporal changes of iron deposition and iron metabolism after traumatic brain injury in
mice. Front. Mol. Neurosci. 15:949573. doi: 10.1038/s41556-022-00854-7

Cho, S., Hong, S. J., Kang, S. H., Park, Y., and Kim, S. K. (2022). Alpha-lipoic acid
attenuates apoptosis and ferroptosis in cisplatin-induced ototoxicity via the reduction of
intracellular lipid droplets. Int. J. Mol. Sci. 23:427 doi: 10.3389/fnmol.2022.949573

Choudhary, R., Kumar, M., and Katyal, A. (2022). 12/15-Lipoxygenase debilitates
mitochondrial health in intermittent hypobaric hypoxia induced neuronal damage: An
in vivo study. Redox. Biol. 49:102228. doi: 10.3390/ijms231810981

Conrad, M., and Pratt, D. A. (2019). The chemical basis of ferroptosis. Nat. Chem. Biol.
15, 1137-1147. doi: 10.1016/j.redox.2021.102228

Conrad, M., Angeli, J. P., Vandenabeele, P., and Stockwell, B. R. (2016). Regulated
necrosis: Disease relevance and therapeutic opportunities. Nat. Rev. Drug Discov. 15,
348-366. doi: 10.1038/s41589-019-0408-1

Conrad, M., Kagan, V. E., Bayir, H., Pagnussat, G. C., Head, B., Traber, M. G, et al.
(2018). Regulation of lipid peroxidation and ferroptosis in diverse species. Gen. Dev. 32,
602-619. doi: 10.1038/nrd.2015.6

de Oliveira Manoel, A. L. (2020). Surgery for spontaneous intracerebral hemorrhage.
Crit. Care 24:45. doi: 10.1101/gad.314674.118

Deng, T., Yan, G., Song, X., Xie, L., Zhou, Y., Li, ., et al. (2018). Deubiquitylation
and stabilization of p21 by USP11 is critical for cell-cycle progression and DNA damage
responses. Proc. Natl. Acad. Sci. U.S.A. 115, 4678-4683. doi: 10.1186/s13054-020-2749-2

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1080344

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Devos, D., Labreuche, J., Rascol, O., Corvol, J. C., Duhamel, A., Guyon Delannoy, P.,
etal. (2022). Trial of Deferiprone in Parkinson’s Disease. N. Engl. J. Med. 387, 2045-2055.
doi: 10.1073/pnas.1714938115

Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species in
cell death. Nat. Chem. Biol. 10, 9-17. doi: 10.1056/NEJMo0a2209254

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R, Skouta, R., Zaitsev, E. M., Gleason,
C. E, etal. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell
149, 1060-1072. doi: 10.1038/nchembio.1416

Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M., et al.
(2014). Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife 3:e02523. doi: 10.1016/j.cell.2012.03.042

Djulbegovic, M. B., and Uversky, V. N. (2019). Ferroptosis - An iron- and disorder-
dependent programmed cell death. Int. J. Biol. Macromol. 135, 1052-1069. doi: 10.7554/
eLife.02523

Donnan, G., Hankey, G., and Davis, S. (2010). Intracerebral haemorrhage: A need
for more data and new research directions. Lancet Neurol. 9, 133-134. doi: 10.1016/].
ijbiomac.2019.05.221

Epping, L., Schroeter, C. B., Nelke, C., Bock, S., Gola, L., Ritter, N., et al. (2022).
Activation of non-classical NMDA receptors by glycine impairs barrier function of brain
endothelial cells. Cell. Mol. Life Sci. 79:479. doi: 10.1016/S1474-4422(10)70001-6

Fricker, M., Tolkovsky, A., Borutaite, V., Coleman, M., and Brown, G. (2018). Neuronal
cell death. Physiol. Rev. 98, 813-880. doi: 10.1007/s00018-022-04502-z

Friedmann Angeli, J. P., and Conrad, M. (2018). Selenium and GPX4, a vital symbiosis.
Free Radic. Biol. Med. 127, 153-159. doi: 10.1152/physrev.00011.2017

Fujii, J., Homma, T., and Kobayashi, S. (2020). Ferroptosis caused by cysteine
insufficiency and oxidative insult. Free Radic. Res. 54, 969-980. doi: 10.1016/j.
freeradbiomed.2018.03.001

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al.
(2018). Molecular mechanisms of cell death: Recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death Differ. 25, 486-541. doi: 10.1080/10715762.
2019.1666983

Gan, H., Zhang, L., Chen, H,, Xiao, H., Wang, L., Zhai, X, et al. (2021). The pivotal
role of the NLRC4 inflammasome in neuroinflammation after intracerebral hemorrhage
in rats. Exp. Mol. Med. 53, 1807-1818. doi: 10.1038/s41418-017-0012-4

Gao, M., Monian, P., Pan, Q., Zhang, W, Xiang, J., and Jiang, X. (2016). Ferroptosis
is an autophagic cell death process. Cell Res. 26, 1021-1032. doi: 10.1038/s12276-021-
00702-y

Gao, M., Monian, P., Quadri, N., Ramasamy, R., and Jiang, X. (2015). Glutaminolysis
and Transferrin Regulate Ferroptosis. Mol. Cell 59, 298-308.

Grootaert, M. O. J., and Bennett, M. R. (2022). Sirtuins in atherosclerosis: Guardians
of healthspan and therapeutic targets. Nat. Rev. Cardiol. 19, 668-683.

Gu, R, Xia, Y., Li, P, Zou, D,, Lu, K., Ren, L., et al. (2022). Ferroptosis and its Role in
Gastric Cancer. Front. Cell Dev. Biol. 10:860344. doi: 10.1016/j.molcel.2015.06.011

Gupta, K., Brown, K. A., Hsieh, M. L., Hoover, B. M., Wang, J., Khoury, M. K,
etal. (2022). Necroptosis is associated with Rab27-independent expulsion of extracellular

vesicles containing RIPK3 and MLKL. J. Extracell Vesicles 11:e12261. doi: 10.1038/
541569-022-00685-x

Hong, S. H., Lee, D. H,, Lee, Y. S, Jo, M. ], Jeong, Y. A., Kwon, W. T, et al. (2018).
Correction: Molecular crosstalk between ferroptosis and apoptosis: Emerging role of ER

frontiersin.org


https://doi.org/10.3389/fncel.2023.1080344
http://www.figdraw.com
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1161/STROKEAHA.110.596718
https://doi.org/10.1111/acel.13235
https://doi.org/10.1016/j.phrs.2020.105297
https://doi.org/10.1186/s12933-022-01602-9
https://doi.org/10.4161/auto.21289
https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1038/s41556-022-00854-7
https://doi.org/10.3389/fnmol.2022.949573
https://doi.org/10.3390/ijms231810981
https://doi.org/10.1016/j.redox.2021.102228
https://doi.org/10.1038/s41589-019-0408-1
https://doi.org/10.1038/nrd.2015.6
https://doi.org/10.1101/gad.314674.118
https://doi.org/10.1186/s13054-020-2749-2
https://doi.org/10.1073/pnas.1714938115
https://doi.org/10.1056/NEJMoa2209254
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.ijbiomac.2019.05.221
https://doi.org/10.1016/j.ijbiomac.2019.05.221
https://doi.org/10.1016/S1474-4422(10)70001-6
https://doi.org/10.1007/s00018-022-04502-z
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1080/10715762.2019.1666983
https://doi.org/10.1080/10715762.2019.1666983
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s12276-021-00702-y
https://doi.org/10.1038/s12276-021-00702-y
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1038/s41569-022-00685-x
https://doi.org/10.1038/s41569-022-00685-x
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Cao et al.

stress-induced p53-independent PUMA expression. Oncotarget 9:24869. doi: 10.3389/
fcell.2022.860344

Hou, L., Huang, R, Sun, F., Zhang, L., and Wang, Q. (2019). NADPH oxidase regulates
paraquat and maneb-induced dopaminergic neurodegeneration through ferroptosis.
Toxicology 417, 64-73. doi: 10.1002/jev2.12261

Hou, W, Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J. III, et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425-1428. doi: 10.18632/
oncotarget.25365

Imai, T., Tsuji, S., Matsubara, H., Ohba, T., Sugiyama, T., Nakamura, S., et al. (2021).
Deferasirox, a trivalent iron chelator, ameliorates neuronal damage in hemorrhagic stroke
models. Naunyn Schmiedebergs Arch. Pharmacol. 394, 73-84. doi: 10.1016/j.tox.2019.02.
011

Ingold, I., Berndt, C., Schmitt, S., Doll, S., Poschmann, G., Buday, K., et al. (2018).
Selenium Utilization by GPX4 Is required to prevent Hydroperoxide-induced ferroptosis.
Cell 40:e421.

Jin, Y., Zhuang, Y., Liu, M., Che, J., and Dong, X. (2021). Inhibiting ferroptosis: A novel
approach for stroke therapeutics. Drug Discov. Today 26, 916-930.

Kagan, V. E., Mao, G., Qu, F., Angeli, J., Doll, S., Croix, C., et al. (2017). Oxidized
arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 13, 81-90.
doi: 10.1007/s00210-020-01963-6

Karuppagounder, S. S., Alin, L., Chen, Y., Brand, D., Bourassa, M., Dietrich, K.,
et al. (2018). N-acetylcysteine targets 5 lipoxygenase-derived, toxic lipids and can
synergize with prostaglandin E2 to inhibit ferroptosis and improve outcomes following
hemorrhagic stroke in mice. Ann. Neurol. 84, 854-872. doi: 10.1016/j.cell.2017.11.048

Kuramoto, Y., Fujita, M., Takagi, T., Takeda, Y., Doe, N., Yamahara, K, et al.
(2022). Early-phase administration of human amnion-derived stem cells ameliorates
neurobehavioral deficits of intracerebral hemorrhage by suppressing local inflammation
and apoptosis. J. Neuroinflammation 19:48. doi: 10.1016/j.drudis.2020.12.020

Leasure, A. C., Kuohn, L. R,, Vanent, K. N., Bevers, M. B, Kimberly, W. T., Steiner,
T., et al. (2021). Association of Serum IL-6 (Interleukin 6) with functional outcome after
intracerebral hemorrhage. Stroke 52, 1733-1740. doi: 10.1038/nchembio.2238

Lei, G., Zhang, Y., Koppula, P., Liu, X., Zhang, J., Lin, S., et al. (2020). The role of
ferroptosis in ionizing radiation-induced cell death and tumor. Cell Res. 30, 146-162.
doi: 10.1002/ana.25356

Li, J.,, Cao, F., Yin, H., Huang, Z., Lin, Z., Mao, N, et al. (2020). Ferroptosis: Past,
present and future. Cell Death Dis. 11:88. doi: 10.1186/s12974-022-02411-3

Li, Q. Han, X,, Lan, X.,, Gao, Y., Wan, J., Durham, F., et al. (2017b). Inhibition
of neuronal ferroptosis protects hemorrhagic brain. JCI Insight 2:¢90777. doi: 10.1161/
STROKEAHA.120.032888

Li, Q., Wan, |, Lan, X,, Han, X, Wang, Z., and Wang, J. (2017a). Neuroprotection of
brain-permeable iron chelator VK-28 against intracerebral. J. Cereb. Blood Flow Metab.
37,3110-3123. doi: 10.1038/s41422-019-0263-3

Li, Q., Weiland, A., Chen, X,, Lan, X., Han, X., Durham, F., et al. (2018). Ultrastructural
characteristics of neuronal death and white matter injury in mouse brain tissues after
intracerebral hemorrhage: Coexistence of ferroptosis. autophagy, and necrosis. Front.
Neurol. 9:581. doi: 10.1038/541419-020-2298-2

Liang, C., Zhang, X., Yang, M., and Dong, X. (2019). Recent progress in ferroptosis
inducers for cancer therapy. Adv. Mater. 31:e1904197.

Lin, J., Kumari, S., Kim, C., Van, T. M., Wachsmuth, L., Polykratis, A., et al. (2016).
RIPK1 counteracts ZBP1-mediated necroptosis to inhibit inflammation. Nature 540,
124-128.

Liu, F, Du, Z. Y, He, J. L, Liu, X. Q, Yu, Q. B,, and Wang, Y. X. (2012). FTH1
binds to Daxx and inhibits Daxx-mediated cell apoptosis. Mol. Biol. Rep. 39, 873-879.
doi: 10.1177/0271678X17709186

Liu, J., Kuang, F., Kroemer, G., Klionsky, D. J., Kang, R., and Tang, D. (2020).
Autophagy-dependent ferroptosis: Machinery and regulation. Cell Chem. Biol. 27, 420—
435. doi: 10.3389/fneur.2018.00581

Liu, Y., and Gu, W. (2022). p53 in ferroptosis regulation: The new weapon for the old
guardian. Cell Death Differ. 29, 895-910. doi: 10.1002/adma.201904197

Ly, Z., Xiong, L. L., Qin, X., Zhang, H., Luo, X., Peng, W., et al. (2021). Role of GRK2
in trophoblast necroptosis and spiral artery remodeling: Implications for preeclampsia
pathogenesis. Front. Cell Dev. Biol. 9:694261. doi: 10.1038/nature20558

Magtanong, L., and Dixon, S. J. (2018). Ferroptosis and Brain Injury. Dev. Neurosci. 40,
382-395. doi: 10.1007/s11033-011-0811-5

Meng, H., Wu, G., Zhao, X., Wang, A., Li, D., Tong, Y., et al. (2021). Discovery of a
cooperative mode of inhibiting RIPK1 kinase. Cell Discov. 7:41. doi: 10.1016/j.chembiol.
2020.02.005

Meng, Y., Sun, H,, L1, Y., Zhao, S., Su, J., Zeng, F., et al. (2022). Targeting ferroptosis by
ubiquitin system enzymes: A potential therapeutic strategy in cancer. Int. J. Biol. Sci. 18,
5475-5488. doi: 10.1038/s41418-022-00943-y

Minagawa, S., Yoshida, M., Araya, J., Hara, H., Imai, H., and Kuwano, K. (2020).
Regulated necrosis in pulmonary disease. a focus on necroptosis and ferroptosis. Am.
J. Respir. Cell Mol. Biol. 62, 554-562. doi: 10.3389/fcell.2021.694261

Newton, K., Dugger, D. L., Maltzman, A., Greve, ]. M., Hedehus, M., Martin-McNulty,
B., et al. (2016). RIPK3 deficiency or catalytically inactive RIPK1 provides greater benefit

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1080344

than MLKL deficiency in mouse models of inflammation and tissue injury. Cell Death
Differ. 23, 1565-1576. doi: 10.1159/000496922

Nogueira, C. W., Barbosa, N. V., and Rocha, J. B. T. (2021). Toxicology and
pharmacology of synthetic organoselenium compounds: An update. Arch. Toxicol. 95,
1179-1226. doi: 10.1038/s41421-021-00278-x

Pandya, C. D., Vekaria, H., Joseph, B., Slone, S. A., Gensel, J. C,, Sullivan, P. G,
et al. (2021). Hemoglobin induces oxidative stress and mitochondrial dysfunction in
oligodendrocyte progenitor cells. Transl. Res. 231, 13-23. doi: 10.7150/ijbs.73790

Peng, C., Fu, X, Wang, K., Chen, L., Luo, B., Huang, N,, et al. (2022). Dauricine
alleviated secondary brain injury after intracerebral hemorrhage by upregulating GPX4
expression and inhibiting ferroptosis of nerve cells. Eur. J. Pharmacol. 914:174461. doi:
10.1165/rcmb.2019-0337TR

Poon, J. F,, Farmer, L. A, Haidasz, E. A., and Pratt, D. A. (2021). Temperature-
dependence of radical-trapping activity of phenoxazine, phenothiazine and their aza-
analogues clarifies the way forward for new antioxidant design. Chem. Sci. 12, 11065—
11079. doi: 10.1038/cdd.2016.46

Qureshi, A. I, Mendelow, A. D., and Hanley, D. F. (2009). Intracerebral haemorrhage.
Lancet 373, 1632-1644. doi: 10.1007/s00204-021-03003-5

Samson, A. L., Fitzgibbon, C., Patel, K. M., Hildebrand, J. M., Whitehead, L. W., Rimes,
J.S., etal. (2021). A toolbox for imaging RIPK1, RIPK3, and MLKL in mouse and human
cells. Cell Death Differ. 28, 2126-2144. doi: 10.1016/j.trs1.2021.01.005

Schwartz-Duval, A. S., and Sokolov, K. V. (2022). Prospecting cellular gold
nanoparticle biomineralization as a viable alternative to prefabricated gold nanoparticles.
Ady. Sci. 9:€2105957. doi: 10.1016/j.ejphar.2021.174461

Sekerdag, E., Solaroglu, 1., and Gursoy-Ozdemir, Y. (2018). Cell Death Mechanisms
in Stroke and Novel Molecular and Cellular Treatment. Curr. Neuropharmacol. 16,
1396-1415. doi: 10.1039/D1SC02976B

Selim, M. (2022). Building the case for targeting the secondary injury after intracerebral
hemorrhage: Slowly but surely. Stroke 53, 2036-2037. doi: 10.1016/S0140-6736(09)
60371-8

Selim, M., Foster, L. D., Moy, C. S., Xi, G., Hill, M. D., Morgenstern, L. B., et al.
(2019). Deferoxamine mesylate in patients with intracerebral haemorrhage (i-DEF): A
multicentre, randomised, placebo-controlled, double-blind phase 2 trial. Lancet Neurol.
18, 428-438. doi: 10.1038/s41418-021-00742-x

Shah, R., Shchepinov, M., and Pratt, D. (2018). Resolving the role of Lipoxygenases in
the Initiation and execution of ferroptosis. ACS Cent. Sci. 4, 387-396. doi: 10.1002/advs.
202105957

Shen, B., Zhou, P., Jiao, X., Yao, Z., Ye, L., and Yu, H. (2020a). Fermentative production
of Vitamin E tocotrienols in Saccharomyces cerevisiae under cold-shock-triggered
temperature control. Nat. Commun. 11:5155. doi: 10.2174/1570159X16666180302115544

Shen, L., Lin, D,, Li, X.,, Wu, H,, Lenahan, C,, Pan, Y., et al. (2020b). Ferroptosis in
acute central nervous system injuries: The future direction? Front. Cell Dev. Biol. 8:594.
doi: 10.1161/STROKEAHA.122.038321

Stockwell, B. R., Friedmann, A. J., Bayir, H., Bush, A., Conrad, M., Dixon, S., et al.
(2017). Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and
disease. Cell 171, 273-285. doi: 10.1016/S1474-4422(19)30069-9

Stockwell, B. R., Jiang, X., and Gu, W. (2020). Emerging mechanisms and disease
relevance of ferroptosis. Trends Cell Biol. 30, 478-490. doi: 10.1021/acscentsci.7b00589

Stokum, J. A., Gerzanich, V., Sheth, K. N., Kimberly, W. T., and Simard, J. M. (2020).
Emerging pharmacological treatments for cerebral edema: Evidence from clinical studies.
Annu. Rev. Pharmacol. Toxicol. 60, 291-309. doi: 10.1038/s41467-020-18958-9

Tan, S., Kong, Y., Xian, Y., Gao, P., Xu, Y., Wei, C,, et al. (2022). The mechanisms
of ferroptosis and the applications in tumor treatment: Enemies or friends? Front. Mol.
Biosci. 9:938677. doi: 10.3389/fcell.2020.00594

Tang, D., Kang, R., Berghe, T. V., Vandenabeele, P., and Kroemer, G. (2019). The
molecular machinery of regulated cell death. Cell Res. 29, 347-364. doi: 10.1016/j.cell.
2017.09.021

Tarantini, S., Yabluchanskiy, A., Lindsey, M. L., Csiszar, A., and Ungvari, Z. (2021).
Effect of genetic depletion of MMP-9 on neurological manifestations of hypertension-
induced intracerebral hemorrhages in aged mice. Geroscience 43, 2611-2619. doi: 10.
1016/j.tcb.2020.02.009

Thrift, A. G., Thayabaranathan, T., Howard, G., Howard, V.., Rothwell, P. M., Feigin,
V. L, etal. (2017). Global stroke statistics. Int. J. Stroke 12, 13-32. doi: 10.1146/annurev-
pharmtox-010919-023429

Hemphill, J. C., Greenberg, S. M., Anderson, C. S., Becker, K., Bendok, B. R,
Cushman, M, et al. (2015). Guidelines for the management of spontaneous intracerebral
hemorrhage: A guideline for healthcare professionals from the american heart
association/american stroke association. Stroke 46, 2032-2060. doi: 10.3389/fmolb.2022.
938677

Tuo, Q. Z., Masaldan, S., Southon, A., Mawal, C., Ayton, S., Bush, A. L, et al. (2021).
Characterization of selenium compounds for anti-ferroptotic activity in neuronal cells
and after cerebral ischemia-reperfusion injury. Neurotherapeutics 18, 2682-2691. doi:
10.1038/5s41422-019-0164-5

Urday, S., Kimberly, W. T, Beslow, L. A., Vortmeyer, A. O., Selim, M. H., Rosand, J.,
et al. (2015). Targeting secondary injury in intracerebral haemorrhage-perihaematomal
oedema. Nat. Rev. Neurol. 11, 111-122. doi: 10.1007/s11357-021-00402-5

frontiersin.org


https://doi.org/10.3389/fncel.2023.1080344
https://doi.org/10.3389/fcell.2022.860344
https://doi.org/10.3389/fcell.2022.860344
https://doi.org/10.1002/jev2.12261
https://doi.org/10.18632/oncotarget.25365
https://doi.org/10.18632/oncotarget.25365
https://doi.org/10.1016/j.tox.2019.02.011
https://doi.org/10.1016/j.tox.2019.02.011
https://doi.org/10.1007/s00210-020-01963-6
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.1016/j.drudis.2020.12.020
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1002/ana.25356
https://doi.org/10.1186/s12974-022-02411-3
https://doi.org/10.1161/STROKEAHA.120.032888
https://doi.org/10.1161/STROKEAHA.120.032888
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1177/0271678X17709186
https://doi.org/10.3389/fneur.2018.00581
https://doi.org/10.1002/adma.201904197
https://doi.org/10.1038/nature20558
https://doi.org/10.1007/s11033-011-0811-5
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1038/s41418-022-00943-y
https://doi.org/10.3389/fcell.2021.694261
https://doi.org/10.1159/000496922
https://doi.org/10.1038/s41421-021-00278-x
https://doi.org/10.7150/ijbs.73790
https://doi.org/10.1165/rcmb.2019-0337TR
https://doi.org/10.1165/rcmb.2019-0337TR
https://doi.org/10.1038/cdd.2016.46
https://doi.org/10.1007/s00204-021-03003-5
https://doi.org/10.1016/j.trsl.2021.01.005
https://doi.org/10.1016/j.ejphar.2021.174461
https://doi.org/10.1039/D1SC02976B
https://doi.org/10.1016/S0140-6736(09)60371-8
https://doi.org/10.1016/S0140-6736(09)60371-8
https://doi.org/10.1038/s41418-021-00742-x
https://doi.org/10.1002/advs.202105957
https://doi.org/10.1002/advs.202105957
https://doi.org/10.2174/1570159X16666180302115544
https://doi.org/10.1161/STROKEAHA.122.038321
https://doi.org/10.1016/S1474-4422(19)30069-9
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1038/s41467-020-18958-9
https://doi.org/10.3389/fcell.2020.00594
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.tcb.2020.02.009
https://doi.org/10.1016/j.tcb.2020.02.009
https://doi.org/10.1146/annurev-pharmtox-010919-023429
https://doi.org/10.1146/annurev-pharmtox-010919-023429
https://doi.org/10.3389/fmolb.2022.938677
https://doi.org/10.3389/fmolb.2022.938677
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1007/s11357-021-00402-5
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Cao et al.

Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., and
Vandenabeele, P. (2014). Regulated necrosis: The expanding network of non-
apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 15, 135-147. doi: 10.1177/
1747493016676285

Wang, J. (2010). Preclinical and clinical research on inflammation after intracerebral
hemorrhage. Prog. Neurobiol. 92, 463-477. doi: 10.1161/STR.0000000000000069

Watanabe, A., Hama, K., Watanabe, K., Fujiwara, Y., Yokoyama, K., Murata, S., et al.
(2022). Controlled tetradeuteration of straight-chain fatty acids: Synthesis, application,
and insight into the metabolism of oxidized linoleic acid. Angew. Chem. Int. Ed. Engl.
61:€202202779. doi: 10.1007/s13311-021-01111-9

Wu, T, Wu, H, Wang, J, and Wang, J. (2011). Expression and cellular
localization of cyclooxygenases and prostaglandin E synthases in the hemorrhagic brain.
J. Neuroinflammation 8:22. doi: 10.1038/nrneurol.2014.264

Wu, Y., Ma, Z., Mai, X., Liu, X, Li, P., Qi, X,, et al. (2022). Identification of a novel
inhibitor of TfR1 from designed and synthesized muriceidine a derivatives. Antioxidants
11:834. doi: 10.1038/nrm3737

Xue, T, Ji, J., Sun, Y., Huang, X., Cai, Z., Yang, J., et al. (2022). Sphingosine-1-
phosphate, a novel TREM2 ligand, promotes microglial phagocytosis to protect against
ischemic brain injury. Acta Pharm. Sin. B 12, 1885-1898. doi: 10.1016/j.pneurobio.2010.
08.001

Yigitkanli, K., Pekcec, A., Karatas, H., Pallast, S., Mandeville, E., Joshi, N., et al. (2013).
Inhibition of 12/15-lipoxygenase as therapeutic strategy to treat stroke. Ann. Neurol. 73,
129-135. doi: 10.1002/anie.202202779

Young, L. H., Klavinskis, L. S., Oldstone, M. B., and Young, J. D. (1989). In vivo
expression of perforin by CD8+ lymphocytes during an acute viral infection. J. Exp. Med.
169, 2159-2171. doi: 10.1084/jem.169.6.2159

Yuan, J.,, Amin, P., and Ofengeim, D. (2019). Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nat. Rev. Neurosci. 20, 19-33. doi: 10.1186/1742-
2094-8-22

Frontiers in Cellular Neuroscience

98

10.3389/fncel.2023.1080344

Zhang, P., Chen, L., Zhao, Q. Du, X,, Bi, M,, Li, Y., et al. (2020). Ferroptosis
was more initial in cell death caused by iron overload and its underlying mechanism
in Parkinson’s disease. Free Radic. Biol. Med. 152, 227-234. doi: 10.3390/antiox1105
0834

Zhang, Y., Khan, S., Liu, Y., Zhang, R, Li, H, Wu, G, et al. (2022c). Modes of
brain cell death following intracerebral hemorrhage. Front. Cell Neurosci. 16:799753.
doi: 10.1016/j.apsb.2021.10.012

Zhang, R., Yong, V. W., and Xue, M. (2022a). Revisiting minocycline in intracerebral
hemorrhage: Mechanisms and clinical translation. Front. Immunol. 13:844163. doi: 10.
1002/ana.23734

Zhang, Y., Khan, S, Liu, Y., Wu, G, Yong, V. W, and Xue, M. (2022b).
Oxidative stress following intracerebral hemorrhage: From molecular mechanisms
to therapeutic targets. Front. Immunol. 13:847246. doi: 10.1038/s41583-018-0
093-1

Zhang, Z., Wu, Y., Yuan, S., Zhang, P., Zhang, J., Li, H,, et al. (2018). Glutathione
peroxidase 4 participates in secondary brain injury through mediating ferroptosis in
a rat model of intracerebral hemorrhage. Brain Res. 1701, 112-125. doi: 10.1016/].
freeradbiomed.2020.03.015

Wang, M., Chao, Z., Lu, Y., Delian, K., Weijing, M., Bingchen, L, et al. (2022).
Upregulation of MDHI1 acetylation by HDACS6 inhibition protects against oxidative
stress-derived neuronal apoptosis following intracerebral hemorrhage. Cell Mol. Life Sci.
79:356. doi: 10.3389/fncel.2022.799753

Zhu, S., Zhang, Q., Sun, X., Zeh, H. J. III, Lotze, M. T., Kang, R., et al. (2017).
HSPAS5 regulates ferroptotic cell death in cancer cells. Cancer Res 77, 2064-2077. doi:
10.3389/fimmu.2022.844163

Zille, M., Karuppagounder, S. S., Chen, Y., Gough, P. J., Bertin, J., Finger, J., et al.
(2017). Neuronal death after hemorrhagic stroke in vitro and in vivo shares features
of ferroptosis and necroptosis. Stroke 48, 1033-1043. doi: 10.3389/fimmu.2022.84
7246

frontiersin.org


https://doi.org/10.3389/fncel.2023.1080344
https://doi.org/10.1177/1747493016676285
https://doi.org/10.1177/1747493016676285
https://doi.org/10.1161/STR.0000000000000069
https://doi.org/10.1007/s13311-021-01111-9
https://doi.org/10.1038/nrneurol.2014.264
https://doi.org/10.1038/nrm3737
https://doi.org/10.1016/j.pneurobio.2010.08.001
https://doi.org/10.1016/j.pneurobio.2010.08.001
https://doi.org/10.1002/anie.202202779
https://doi.org/10.1084/jem.169.6.2159
https://doi.org/10.1186/1742-2094-8-22
https://doi.org/10.1186/1742-2094-8-22
https://doi.org/10.3390/antiox11050834
https://doi.org/10.3390/antiox11050834
https://doi.org/10.1016/j.apsb.2021.10.012
https://doi.org/10.1002/ana.23734
https://doi.org/10.1002/ana.23734
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1016/j.freeradbiomed.2020.03.015
https://doi.org/10.1016/j.freeradbiomed.2020.03.015
https://doi.org/10.3389/fncel.2022.799753
https://doi.org/10.3389/fimmu.2022.844163
https://doi.org/10.3389/fimmu.2022.844163
https://doi.org/10.3389/fimmu.2022.847246
https://doi.org/10.3389/fimmu.2022.847246
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

& frontiers | Frontiers in Neuroscience

‘ @ Check for updates

OPEN ACCESS

Weilin Xu,
Zhejiang University, China

Menattallah Elserafy,

Zewail City of Science and Technology, Egypt
Eman Badr,

Zewail City of Science and Technology, Egypt

Yongzhi Xie
yzxiexy3@163.com

Zuneng Lu
1zn196480@126.com

This article was submitted to
Neurodegeneration,

a section of the journal
Frontiers in Neuroscience

01 December 2022
10 February 2023
02 March 2023

Fu X, He Y, Xie Y and Lu Z (2023) A conjoint
analysis of bulk RNA-seq and single-nucleus
RNA-seq for revealing the role of ferroptosis
and iron metabolism in ALS.

Front. Neurosci. 17:1113216.

doi: 10.3389/fnins.2023.1113216

© 2023 Fu, He, Xie and Lu. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neuroscience

Original Research
02 March 2023
10.3389/fnins.2023.1113216

A conjoint analysis of bulk
RNA-seq and single-nucleus
RNA-seq for revealing the role of
ferroptosis and iron metabolism
in ALS

Xiujuan Fu?, Yizi He?, Yongzhi Xie3* and Zuneng Lu'*

!Department of Neurology, Renmin Hospital of Wuhan University, Wuhan, China, 2Department

of Lymphoma and Hematology, Hunan Cancer Hospital, The Affiliated Cancer Hospital of Xiangya
School of Medicine, Central South University, Changsha, China, *Department of Radiology, The Third
Xiangya Hospital, Central South University, Changsha, China

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized
by progressive and selective degeneration of motor neurons in the motor cortex
of brain and spinal cord. Ferroptosis is a newly discovered form of cell death
and reported to mediate selective motor neuron death in the mouse model
of ALS. The growing awareness of ferroptosis and iron metabolism dysfunction
in ALS prompted us to investigate the expression pattern of ferroptosis and
iron metabolism-related genes (FIRGs) in ALS. Here, we performed a conjoint
analysis of bulk-RNA sequence and single-nucleus RNA sequence data using
the datasets from Gene Expression Omnibus (GEO) to reveal the role of FIRGs
in ALS, especially in selective motor neuron death of ALS. We first investigated
the differentially expressed genes (DEGs) between ALS and non-neurological
controls. Weighted gene co-expression network analysis constructed the gene
co-expression network and identified three modules closely associated with
ALS. Fifteen FIRGs was identified as target genes based on least absolute
shrinkage and selection operator regression analysis as follows: ACSL4, ANOG6,
ATP6VOEL, B2M, CD44, CHMP5, CYBB, CYBRD1, HIF1A, MOSPD1, NCF2, SDCBP,
STEAP2, TMEM14C, ULK1. These genes could differentiate ALS patients from
non-neurological controls (p < 2.2e—16) and had a valid value in predicting
and diagnosing ALS (AUC = 0.881 in primary dataset and AUC = 0.768 in
validation dataset). Then we performed the functional enrichment analysis of
DEGs between ALS cases, the most significantly influenced by target genes,
and non-neurological controls. The result indicated that the most significantly
influenced functions in ALS pathogenesis by these identified FIRGs are synapse
pathways, calcium signaling pathway, cAMP signaling pathway, and phagosome
and several immune pathways. At last, the analysis of single- nuclear seq found
that CHMPS5, one of the 15 FIRGs identified by bulk single-nucleus RNA-seq
data, was expressed significantly higher in ALS than pathologically normal (PN),
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specifically in excitatory neuron populations with layer 2 and layer 3 markers (Ex
L2_L3), layer 3 and layer 5 markers (Ex L3_L5). Taken together, our study indicates
the positive correlation between FIRGs and ALS, presents potential markers
for ALS diagnosis and provides new research directions of CHMP5 function in
selective motor neuron death in ALS.

amyotrophic lateral sclerosis, ferroptosis, iron metabolism, single nuclear analysis,

WGCNA, LASSO

Introduction

(ALS) is a
neurodegenerative disease characterized by progressive and

Amyotrophic  lateral  sclerosis severe
relatively selective loss of upper and lower motor neurons. It was
brought into the spotlight due to its lethality and complexity.
However, foggy pathogenesis and uncontrolled progression still
confuse the world.

Growing evidences indicate that iron affects cell death pathways
and brain homeostasis in neurodegenerative diseases. Ferroptosis
is a type of cell death triggered by the built up of lipid peroxides,
defined as an iron-dependent regulated necrosis that can affect
neurons (Stockwell et al., 2017). Since iron is a redox ion,
it can induce free radicals, including reactive oxygen species
(ROS), which participates in the regulation of cell survival
and death. ROS can cause cell damage by destroying the iron
homeostasis of cells, leading to a vicious circle (Sirabella et al,
2018). Evidence from past decades links iron homeostasis to
neuronal cell death in ALS (Matsuo et al, 2021). In ALS
patients, MRI reveals increased iron accumulation in motor
cortex (Kwan et al,, 2012). The markers of lipid oxidation and
iron status are correlated with clinical function decline in ALS
(Devos et al, 2019). Another study showed that moderate iron
chelation regimen may incorporate a novel curative option for
neuroprotection in ALS (Moreau et al,, 2018). ALS is the most
common motor neuron disorder, and show selective vulnerability
of motor neurons in cortex (Hammer et al.,, 1979; Cronin et al,,
2007). Excitingly, the research in utilizing ALS SOD19%34 mice
model showed that ferroptosis could mediate selective motor
neuron death (Wang et al., 2022). Focus on ferroptosis and iron
metabolism in ALS may provide new targets to uncover the
pathogenesis of selective vulnerability of motor neurons and reduce
dysfunction.

Here we did a conjoint analysis of bulk RNA-seq and single-
nucleus RNA-seq based on the publicly available mRNA expression
data. In bulk RNA-seq analysis, we focused on differentially
expressed genes and altered pathways related to ferroptosis and
iron metabolism in ALS to uncover the involvement of ferroptosis
and iron metabolism in ALS and provide potential targets for
further investigation. In single-nucleus RNA-seq analysis, we
explored the expression of hub genes in primary cortex motor
neurons in ALS to explore the role of ferroptosis and iron
metabolism in motor neurons and provide potential pathogenesis
of selective vulnerability of motor neurons in ALS.

Frontiers in Neuroscience

Materials and methods

Data preparation for bulk RNA-seq

Transcriptome data were obtained from Gene Expression
Omnibus (GEO). Specifically, the bulk RNA-seq dataset is from
GSE153960 (Prudencio et al., 2020), from which we extracted two
parts of the data. A total of 684 ALS spectrum motor neuron disease
(MND) patients and 190 non-neurological controls were selected
in the primary dataset for hub genes screening, grounded on the
platform of GPL24676. Another dataset based on the platform
of GPL16791 including 546 ALS spectrum MND patients and 90
non-neurological controls for validation. The raw count matrices
were normalized and transformed into fragments per kilobase of
sequence per million mapped reads (FPKM) values for further
analysis.

Screening of differentially expressed
genes (DEGs)

The raw counts of expression profiles were extracted from the
primary dataset (GPL24676), generating the heatmap using the R
package “pheatmap.” The DEGs were screened using the DESeq2 R
package with a threshold of | 1og2FC| > 0.5 and FDR < 0.05 (Love
etal, 2014). A volcano plot was used to visualize the distribution of
DEGs.

Ferroptosis and iron metabolism-related
genes screening and analysis

The ferroptosis-related genes downloaded from
FerrDb database (FerrDb)! (Zhou 2020; Zhou
et al, 2022). A total of thirty-two iron metabolism-related

were
and Bao,

gene sets were extracted from the Molecular Signatures
Database (MsigDB)?> and Gene Ontology with keywords
“iron” and “heme.” We combined the ferroptosis-related

genes and iron metabolism-related genes and removed the
repeated genes. Finally, a total of 763 ferroptosis and iron

1 http://zhounan.org/
2 https://www.gsea-msigdb.org/gsea/msigdb/index.jsp

frontiersin.org


https://doi.org/10.3389/fnins.2023.1113216
http://zhounan.org/
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fu et al.

metabolism-related genes (FIRGs) were screened out (as shown in
the Supplementary Table 1).

WGCNA

Weighted gene co-expression network analysis (WGCNA)
was performed on the DEGs extracted from the primary dataset,
based on the WCGNA analysis in the R package (Zhang and
Horvath, 2005 Li et al, 2020). The log2 transformed gene
expression data was used to calculate the Pearson correlation
matrix. We used R function “pickSoftThreshold” for module
building and screened the soft threshold power § to achieve
a scale-free topology. The minimum number of genes per
gene module was set to 30, and genes were grouped into
modules with similar expression patterns. Finally, we identified
modules associated with ALS by assessing correlations between
phenotypes and modules by Pearson correlation. Besides, a
WGCNA integrated function (module Preservation) was applied
to calculate module preservation statistics. Zsummary was used to
assess the significance of observed statistics by distinguishing
preserved from non-preserved modules via permutation
2011).
analysis was performed in primary dataset (GPL24676) as

testing 200 times (Langfelder et al, Preservation

1:1 divided into training set and test set, and also performed

10.3389/fnins.2023.1113216

between primary dataset (GPL24676) and validation dataset
(GPL16791).

Module membership (MM): MM(i) = cor (x, ME) is defined to
measure the importance of a gene in one module. Gene Significance
(GS) is defined as the correlation between the individual genes and
the trait. In this study, a gene with MM > 0.8 and GS > 0.2 was
defined as candidate gene among modules associated with ALS.
The identified WGCNA ALS-related genes were crossed with 763
FIRGs (Supplementary Table 1) to obtain the overlapped FIRGs
for further analysis.

LASSO analysis and validation

Least Absolute Shrinkage and Selection Operator (LASSO) is
considered appropriate for high-dimensional data and has strong
predictive value and can prevent model overfitting (Tibshirani,
1996). In order to identify ALS from non-neurological controls,
the “glmnet” package in R was used to conduct LASSO Regression
Analysis (Tibshirani, 1996) on log2 (FPKM + 1) transformed data
of overlapped FIRGs. With the LASSO regression analysis, FIRGs
with non-zero coefficients were selected as hub genes. A LASSO
model (Binomial Lasso) with hub genes expression profiles was
incorporated. The risk score (RS) of each sample was calculated
using the formula: risk score = X Bi x expression value of genei.

Bulk RNA expression profile in

GSE153960

1
Primary dataset based on
GPL24676 platform
(N=874)

1}

Screening of differentially
expressed genes (DEGs)

d

Weight gene correlation
network analysis

1]

Identification modules
associated with ALS

|

763 ferroptosis and iron
metabolism-related genes

I

]

Secondary dataset based
on GPL16791 platform
(N=636)

Validation

Overlapped genes

(17 FIRGs) ¥ LASSO regression

Construction of

- ROC curve analysis

15FIRGs LASSO model

All ALS cases from
GSE153960

K-means clustering

based on 15 FIRGs

[ 1 1

[ ALST | | ALS2 | | ALS3 |

Functional enrichment
analysis

Single-nucleus RNA-seq
analysis based on GSE174332

FIGURE 1

The workflow of this study. ALS, amyotrophic lateral sclerosis; FIRGs, ferroptosis and iron metabolism-related genes; LASSO, least absolute

shrinkage and selection operator; ROC, receiver operating characteristic.
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For the validation of LASSO model, the primary cohort from
GPL24676 was used for the training set and secondary cohort from
GPL16791 were used to validate the model. The pROC package in
the R package was used to perform receiver operating characteristic
(ROC) curve analysis (Robin et al., 2011).

KEGG pathway analysis

Amyotrophic lateral sclerosis samples from GSE153960 and
GSE174332 were clustered into three groups by K-means clustering
using an expression matrix (Shabalin, 2012) of hub FIRGs identified
by LASSO analysis. Differentially expressed genes between each
ALS group and controls were analyzed with DESeq2. Functional
enrichment analysis was done by Enrichr (Chen et al, 2013),
P < 0.05 was considered as significantly enriched.

Single-nucleus RNA-seq analysis

Motor cortex neuron single-nucleus RNA-sequencing dataset
came from GSE174332, including 17 sporadic ALS cases and
17 pathologically normal controls with similar sex distribution
(Pineda et al., 2021). Sporadic ALS is defined as no family history
and no defined genetic risk factors (SOD1, C9orf72, TBKI, etc.).
The analysis was done with R package Seurat (Hao et al.,, 2021).
Low-quality cells with less than 100 detected genes were removed.
DEGs expressed in at least 10% of cells were detected with a
fold change of >0.25 (log scale) and tested by non-parameteric
Wilcoxon rank sum test.

—log10 p—-value

FIGURE 2

Identification of DEGs between ALS cases and non-neurological controls.

10.3389/fnins.2023.1113216

Results

Screening of differentially expressed
genes (DEGs)

A flowchart of the study is shown in Figure 1. We first
investigated the DEGs between ALS patients and non-neurological
controls in the primary dataset. As Figure 2 shows, there are 1,767
genes downregulated and 987 genes upregulated in ALS patients,
compared with controls. And there are 17,249 genes has no change
between ALS patients and controls.

WGCNA identified critical modules
correlating with ALS

To construct the gene co-expression network, WGCNA was
used to analyze the expression profiles of DEGs in the primary
dataset. On the basis of scale-free R? > 0.9, the soft thresholding
power was determined as = 14, and then a scale-free network
was constructed (Figure 3A). The module eigengenes were counted
and classified into 8 modules designated by a distinctive color
(Figure 3B). We explored the correlation of each signature gene
with the disease phenotype, as shown in Figure 3C, the yellow
(cor = 04, p = 2e—35), green (cor = 043, p = le—41) and
blue (cor = 0.23, p = 2e—12) modules were positively related
to ALS. The connection between gene significance and
membership for all 3 modules as follows: yellow (cor
p = 1.9e—12), green (cor = 0.31, p = 0.0026) blue: (cor

module
= 0.51,
= 0.24,

150+

100+
Change
« Down-regulated
- No-siginificant
« Up-regulated

50

0

0 2
log2 fold—change

(A) Heatmap profiling of the genes enrichment analysis between ALS

patients and non-neurological controls. (B) Volcano plot of DEGs between ALS patients and non-neurological controls. Blue dots represent
downregulated genes (1,767 genes), red dots represent upregulated genes (987 genes), and gray dots represent no significantly differentially

expressed genes (17,249 genes).
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Weighted gene correlation network analysis (WGCNA). (A) The scale-free fit index for soft-thresholding powers. The scale-free RZ > 0.9 was used as
a criterion to construct a soft threshold power for appropriate networks. (B) A dendrogram of co-expressed gene modules. The branches in the
graph are clustered into eight modules, designated by each color below. (C) A heatmap shows the association between each module eigengene and
phenotype. The coefficient in each cell is the correlation, decreasing from red to green. Yellow, green, and blue three modules are positively
correlated with ALS. (D) Scatter plot of module eigengenes in the yellow, green and blue modules. All these three modules were significantly

associated with ALS (p < 0.05).

p = 2.5e—09) (Figure 3D). To test the stability of the indicated
modules, preservation analysis was performed in primary dataset
as 1:1 divided into training set and test set (Supplementary
Figure 1A), and also performed primary dataset and secondary
dataset (Supplementary Figure 1B). Both of the results show green,
yellow and blue modules are preserved stably in individual datasets
as all of these modules’ Zsummary value of >10 (Supplementary
Figures 1A, B). Although blue modules cor value is smaller
than yellow and green modules, its Zsummary value is highest
in all modules. There are 860 genes from yellow, green and
blue modules. A total of 481 genes that associated with ALS
were further identified by MM > 0.8 and GS > 0.2 among
three modules. Subsequently, overlap analysis was performed on
481 DEGs identified by WGCNA and 763 FIRGs, and finally 17
overlapped genes were identified (Figure 4A).

Construction and validation of the
LASSO model

The LASSO regression analysis was performed to recognize the
optimal linear model of crucial genes for predicting the occurrence
of ALS (Figure 4B). A total of 15 FIRGs with non-zero coefficients
were selected for model construction. The risk score was calculated
as follows:

Risk score=(0.1567 xexpression value of ANO6)+(0.3361
xexpression value of CD44)+(0.0333xexpression value of
CHMP5) +(1.3087 xexpression value of MOSPDI1)+(1.6129
xexpression value of NCF2)+(1.8261xexpression value of

SDCBP)+(0.4153 xexpression  value of  STEAP2)+(1.1168
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xexpression value of TMEM14C)+(0.0040x expression value of
ULK1)-(0.2332 x expression value of ACSL4)-(0.8929 x expression
of ATP6VOE1)-(0.5481xexpression value of B2M)-
(0.917 xexpression value of CYBB)-(0.0261xexpression value
of CYBRD1)-(0.0096 x expression value of HIF1A).

We performed a predictive score based on LASSO analysis,

value

which is helpful in effectively discriminating ALS patients
from non-neurological controls (p < 2.2e—16, Wilcoxon test)
(Figure 4C). Then the ROC curve analysis was implemented on the
primary dataset, showing that the area under the ROC curve (AUC)
of the model was 0.881 (Figure 4D). Simultaneously, ROC analysis
in the secondary validated dataset indicated the AUC value of 0.768
(Figure 4E). These results illustrated that the model based on these
15 hub FIRGs had a valid value in predicting and diagnosing ALS.

Functional enrichment analysis based on
cases that significantly associated with
hub FIRGs in ALS

To detect the most significantly influenced function in ALS
pathogenesis by 15 hub FIRGs, we clustered all ALS samples
from GSE153960 and GSE174332 into three groups by K-means
clustering using an expression matrix of 15 FIRGs (Figure 5A).
Analysis of DEGs between each ALS group and controls indicated
that ALS3 subgroup was the most strongly associated with these
15 FIRGs and closely related with ALS (Figures 5B, C). KEGG
pathway analysis of the downregulated genes in ALS3 subgroup
mainly enriched in synaptically important pathways involving
different synapse types (glutamatergic, serotonergic, cholinergic,
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Construction and validation of LASSO model. (A) 17 overlapping genes were identified between ferroptosis-related genes and ALS-related DEGs
derived from WGCNA. (B) Construction of LASSO model. (C) Boxplot: visualization of the predictive property of model. Each dot represented each
individual's predicted score. (D,E) ROC curve analysis of predicting the occurrence of ALS in the primary dataset and secondary dataset.

and dopaminergic) and known ALS-related pathways like the
calcium signaling pathway and cAMP signaling pathway. The
upregulated DEGs in ALS3 mainly enriched in phagosome and
several immune pathways (Figure 5D).

Single-nucleus RNA-seq analysis
investigate the role of FIRGs in primary
motor cortex neurons

To further investigate the role of FIRGs in primary motor
cortex neurons in ALS, this study further extracted primary motor
cortex neurons single-nucleus RNA-seq data from GSE174332,
including 17 sporadic ALS and 17 pathologically normal controls
(PN). UMAP analysis done with R package Seurat divided
the motor neurons into 20 clusters (Figure 6A). Based on
the annotation analysis of cell subpopulations, there are 7
subtypes characterized in the Excitatory neurons (Neuron_Ex)
and Inhibitory neurons (Neuron_In), respectively (Figures 6B, C).
Thereafter, we studied the expression analysis of the 15 hub FIRGs
in cell subpopulations in ALS and PN, and found that CHMP5,
one of the 15 hub FIRGs, was expressed significantly higher in
excitatory neuron populations of ExL2_L3 and ExL3_L5 in ALS
than PN (Figure 6D).

Discussion

Amyotrophic lateral sclerosis is a multifactorial and highly
heterogeneous disease. Although multiple mechanisms have been
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identified in the pathogenesis of ALS, for example, impaired axonal
transport, mitochondrial dysfunction and oxidative stress, immune
dysregulation (Mejzini et al., 2019), many mysteries remain in
the understanding of ALS pathogenesis. Ferroptosis is a newly
identified type of cell death triggered by the accumulation of lipid
peroxides, defined as an iron-dependent regulated necrosis that
could affect neurons (Stockwell et al., 2017). Previous study raised
the hypothesis that the ferroptosis was involved in the pathogenesis
of ALS. In SOD1%%34 transgenic mice, reduction of iron level by
iron chelators could increase the mean life span (Wang et al., 2011).
In ALS patients, increased serum ferritin was positively correlated
with a faster progression and shorter survival (Paydarnia et al,
2021).

Here we first investigate the DEGs between ALS patients
and non-neurological controls. Using WGCNA, we identify 3
modules DEGs in correlation with ALS. After overlapping with
FIRGs, there is a total of 17 FIRGs associated with ALS. Finally,
with LASSO analysis, 15 hub FIRGs (ACSL4, ANO6, ATP6VOEL,
B2M, CD44, CHMP5, CYBB, CYBRD1, HIF1A, MOSPD1, NCF2,
SDCBP, STEAP2, TMEM14C, ULK1) have been screened out as
target genes. These hub genes display good predictive value in
distinguishing ALS from non-neurological controls, which were
validated by secondary dataset.

Ferritinophagy plays an important role in driving some
pathological processes in neurodegenerative diseases (Tang et al,,
2018). In a lysosomal transport pathway for ferritin, ULK1/2-
FIP200 complex regulates ferritin turnover at basal state, and
its loss results in TBKI activation and regulation of ferritin
transport (Goodwin et al, 2017). (ULK)1/2 complex, which
is also an initial inducer of autophagy. In a recent study of
ALS/FTD associated C9orf72, the protein product of C9orf72

frontiersin.org


https://doi.org/10.3389/fnins.2023.1113216
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Fu et al.

10.3389/fnins.2023.1113216

Log, fold change
FC cutoff, 1; p-value cutoff, 10e-4

FIGURE 5

A ALS(1230) Controls(280) B
3 1 2 1 3
@ ALS1vs. CTRL ALS2 vs. CTRL ALS3 vs. CTRL
‘ o
matrix 48
i H H 5.
| 1 2 z ©
[ o Ed 2 s .
: LA 8 B
- - mean of normalized counts mean of normalized counts mean of normalized counts
E—— e ———————
204 567 191 46 203 29
Down regulated DEGs in ALS3 Up regulated DEGs in ALS3
c Volcano plot D g preg
EnhancedVolcano Neuroactive Ilgsndrrec‘emor interaction Staphylococcus aureus infection:
Nicotine addiction Allogratt rejection:
Glutamatergic synapse Asthma:
Taste transduction: Intestinal immune network for IgAproduction:
@ 2004 Calcium signaling pathway Autoimmune thyroid disease
- Morphine addiction Tuberculosis
S : . g(s: GABAergic synapse: Leishmanasis:
S ® p_vzame Amphetamine addiction: Graft-versus-host disease
1 © p-value and log, FC Circadian entrainment Type | diabetes mellitus:
Serotonergic synapse Viral myocarditis
Long-term potentiation Rheumatoid arthritis-
Cholinergic synapse: Phagosome:

CAMP signaling pathway:
Synaptic vesicle cycle

Insulin secretion

Oxytocin signaling pathway
Retrograde endocannabinoid signaling:
Aldosterone synthesis and secretion
Cocaine addiction:

Dopaminergic synapse:

KEGG pathway analysis based on FIRGs that significantly altered in ALS. (A) Sample clusters based on expression matrix of 15 hub genes. (B) MA plot
of DEGs of each ALS subgroup vs. controls. (C) Volcano plot of DEGs between ALS3 and controls. (D) KEGG pathway analysis of downregulated and
upregulated DEGs in ALS3 subgroup, compared with non-neurological controls.

Antigen processing and presentation:
Inflammatory bowel disease:
Systemic lupus erythematosus
Hematopoietic cell ineage:
Toxoplasmosis:

Cell adhesion molecules:

Th and Th2 cell differentiation
Th7 cell differentiation:

@ -log p.adjut

0 5

eeccccecccccccccccce
©

0
UMAP_1

CellType

Exl2_L3

ExL3 L5

ExLs

ExL5_L6
Ex.L5b_UMN_CT
Ex.Lsb_UMN_PT
Ex.L6b
In5HT3aR_VIPneg
In.5HT3aR_VIPpos
In.Basket_PVALB
In.Chandeller_PVALB
In.Rosehip
In.SST_NPYneg
In.SST_NPYpos

ALS PN

p =)
=

10 -1
UMAP_1

.4

«
10 “”‘

o -
-

. @
-~
5 0

: ]

,z
/fp

5 10

UMAP_2
I E RN NN NN NN NN

[
-10 5

FIGURE 6

Single-nucleus RNA-seq analysis. (A) UMAP plot for the analysis of cell subpopulations in the motor cortex neuron, which were divided into 20 cell
subsets. (B) The neurons of ALS and PN are classified into excitatory neurons (Neuron_Ex) and inhibitory neurons (Neuron_In), PN: pathologically
normal controls. (C) Detailed submap of transcriptional isoforms annotated by motor cortex segment excitatory neurons and inhibitory neurons.
(D) The expression analysis of CHMP5 in motor cortex neuron populations of ALS and PN.

CellClass

ALS

PN

10

® Neuron_Ex
® Neuron_In

UMAP_2

CHMP5

ALS

PN

5 10

0
UMAP_1

could control the initiation of autophagy by regulating ULK1
complex trafficking (Higginbottom, 2016). As a pro-survival
factor of ferroptosis, HIFIA is a major transcription factor
that can regulate the homeostatic responses to reduced oxygen
level in microenvironment (Yang et al, 2019). Moreau et al.
(2011) reported that the HIF-1 signaling pathway exhibited
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significant abnormalities during hypoxia in sporadic ALS cases.
The expression of ACSL4 determines sensitivity to ferroptosis.
Knockout or inhibition of ACSL4 caused a dramatic reduction in
the content of polyunsaturated fatty acids (PUFAs) in membranes,
and targeted inhibitors of ACSL4 improved tissue death in a mouse
model of ferroptosis (Doll et al., 2017). It is reported that ACSL4
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plays important roles in AB-induced changes in cell survival,
myocardial dysfunction, and lipid peroxidation in AD mice model
(Zhu et al, 2022). CYBB (also known as NOX2) participated
in the transmission of electrons across the plasma membrane
to produce superoxide and other downstream ROS (Bedard and
Krause, 2007). In ALS patients, NOX2 activity presented a negative
correlation with survival time, while inactivation of NOX2 delayed
the progression of neurodegeneration in ALS SOD1 transgenic
mice (Sorce et al.,, 2017). NCF2 is responsible for the synthesis of
superoxide in neutrophils. As an oxidative stress gene, NCF2 has
been considered as a potential biomarker for Friedreich’s ataxia
disease progression and drug action (Hayashi and Cortopassi,
2016). ANOG is one of the anoctamins, a family of Ca2 + -activated
chloride channels and phospholipid scramblases. ANO6 can lead
to the activation of lipid peroxidation as a mechanism proposed
earlier in ferroptosis (Ousingsawat et al, 2019). In ALS mice
model, the ANO6/TMEMI6F loss of function reduces denervation
and motor decline (Soulard et al, 2020). In contrast, CD44
can inhibit oxidative stress and ferroptosis through regulating
GPX4. CD44 can enhance the stability of SLC7A11, which is a
protective factor for cells through synthesizes reduced glutathione
(GSH) by promoting the uptake of cystine (Liu et al, 2019).
Study in SOD1 (G93A) mice showed the expression of CD44 in
astrocytes and microglia was accompanied by the pathogenesis
of ALS (Matsumoto et al., 2012). CHMP5, a core component
of ESCRT-III pathway, has been shown to gather in the plasma
membrane during ferroptosis. ESCRT-III could participate in
the inversely modulated ferroptosis, mediating plasma membrane
repair and decreasing lipid peroxidation. Genetic inhibition of
CHMP5 enhanced ferroptosis in vivo and in vitro (Dai et al,
2020). Previous study showed that higher CHMPS5 level in whole
blood was positively associated with shorter survival of ALS
patients, with potential as a biomarker for ALS prognosis (Zhang
et al, 2022). B2M localizes to the cell membrane and is a
member of major histocompatibility complex-1 (MHC-1), which
participates in synaptic function and axonal regeneration. Widely
expressed in human brain, B2M has been shown to play a role in
neurodegenerative diseases (Gupta et al., 2017) and has previously
been described in sporadic ALS studies (Baciu et al., 2012). SDCBP
can interact with a variety of signal proteins, and regulate the
different signaling transduction pathways (Pradhan et al,, 2020).
It is reported that individuals with AD had increased SDCBP
expression (Lark and LaRocca, 2022). In addition, CYBRDI,
STEAP2 and TMEM14C are significantly involved in iron transport
and HEME metabolism. Dysfunction of these genes could cause
iron accumulation and iron homeostasis disorders (Ji and Kosman,
2015; Kleven et al., 2015; Harding et al.,, 2020). However, it’s still
unclear about the MOSPD1 and ATP6VEO1 involved in the process
of ferroptosis, and there is no evidence to support their role in ALS.
Overall, these findings may provide a new perspective for exploring
the molecular mechanism underlying ALS pathogenesis.

For enrichment analysis, to detect which pathways the FIRGs
is mainly involved in the pathogenic process of ALS, we clustered
all ALS samples to 3 groups based on the correlation with 15
FIRGs. The group 3 has the most significant correlation with 15
FIRGs. We performed KEGG pathway analysis on all upregulated
genes and all downregulated genes in group 3. The result revealed
that functional enrichment of downregulated DEGs in ALS 3 is in
synaptically important pathways, calcium signaling pathway and
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cAMP signaling pathway. Progressive synapse loss and dysfunction
is known to occur in the early stage of neurodegenerative disease,
including Alzheimer’s disease (AD) (Selkoe, 2002), Parkinson’s
disease (PD) (Villalba et al., 2015), and ALS (Belzil et al., 2016).
Glutamate excitotoxicity, driven by the hyperactivity of excitatory
neurons, plays an important role in ALS pathology. One possible
reason is the inherent variations in the firing properties of
neurons or a reduction in the inhibitory control of GABAergic
cells. Interestingly, in KEGG analysis of this study, GABAergic
synapse pathway was also enriched of downregulated DEGs in the
ALS3 subgroup, suggesting that the inhibitory networks belonged
to vulnerability in ALS, consistent with reports in ALS animal
models and human cadavers (Maekawa et al,, 2004; Allodi et al,,
2021; Lin et al, 2021). On the other hand, a recent study
revealed that cAMP/PKA activation and neuronal firing were
beneficial for synaptic recovery and ameliorated the ALS-related
pathobiochemistry (Baczyk et al,, 2020). Their hypothesis is that
dysfunction of excitatory synapses is an important factor affecting
the excitatory drive of motor neurons and the degeneration of
motor neurons. Our analysis also found the inactivation of the PKA
signaling pathway in ALS3 cases. In addition, the calcium signaling
pathway is downregulated in our analysis. Dysregulation of calcium
homeostasis participates in the pathogenesis of ALS by affecting
some major and interrelated toxicity pathways like oxidative stress,
mitochondrial dysfunction and neuroinflammation (Jaiswal, 2013).
In the pathways of upregulated DEGs enriched, phagosome plays
an important role both in ALS and ferroptosis. Autophagosomes
are double-membrane vesicles that participate in the process of
autophagy. The main role of autophagy in ALS commonly includes
affecting the accumulation of protein aggregates and the function
of mitochondria in motor neurons (Taylor et al.,, 2016). Excessive
autophagy, especially selective types of autophagy, and impaired
lysosomal activity may drive cells toward ferroptosis. The key types
include ferritinophagy, lipophagy, clockophagy, and chaperone-
mediated autophagy (CMA) (Liu et al., 2020).

The primary motor cortex is essential for voluntary motor
control, sending layer 5 intratelencephalic tract and pyramidal
tract output projections to modulate the execution of movement
(McColgan et al., 2020). ALS is the most common motor neuron
disorder, and show selective vulnerability of motor neurons in
cortex (Hammer et al, 1979; Cronin et al, 2007). To further
investigate the role of FIRGs in motor cortex neurons in ALS,
we further extracted primary motor cortex neurons’ single-nucleus
RNA-seq data from GSE174332, which generated the first high-
resolution single-cell molecular atlas of the human primary motor
cortex. Here we analyzed the 15 FIRGS expression in primary
motor cortex neurons between 17 sporadic ALS and 17 PN. More
interestingly, by analyzing single-nucleus RNA-seq data, we found
that in CHMP5, one of the 15 FIRGs, is dysregulated in ExL2_L3
and ExL3_L5, indicating that in ALS patient, excitatory neurons
located in motor cortex layer 2_3 and layer 3_5 have higher CHMP5
expression and may be more vulnerable to ferroptosis and iron
metabolism dysfunction.

In summary, our results demonstrate that FIRGs are significant
factors in the ALS pathogenesis. These pinpointed 15 FIRGs are
considered as potential biomarkers for ALS diagnosis. The KEGG
analysis shows these FIRGs may involve the ALS pathogenesis
by synapse pathways, calcium signaling pathway and cAMP
signaling pathway. Finally, single-nucleus analysis reveals higher
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expression of CHMP5 in L2_3 and L3_5 excitatory neurons in ALS,
providing a target gene for further exploration of the pathogenesis
and a potential treatment for ALS.

Conclusion

Taken together, those data indicate that there is a positive
correlation between ferroptosis, iron metabolism dysfunction and
ALS severity. Thus, these 15 FIRGs are protentional markers of ALS
diagnosis and worth further investigation, especially the CHMP5
function in excitatory neurons.
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Introduction: Spinal cord injury (SCI) is a severe central nervous system injury
that leads to significant sensory and motor impairment. Copper, an essential trace
element in the human body, plays a vital role in various biological functions and
is strictly regulated by copper chaperones and transporters. Cuproptosis, a novel
type of metal ion-induced cell death, is distinct from iron deprivation. Copper
deprivation is closely associated with mitochondrial metabolism and mediated by
protein fatty acid acylation.

Methods: In this study, we investigated the effects of cuproptosis-related genes
(CRGs) on disease progression and the immune microenvironment in acute spinal
cord injury (ASCI) patients. We obtained the gene expression profiles of peripheral
blood leukocytes from ASCI patients using the Gene Expression Omnibus (GEO)
database. We performed differential gene analysis, constructed protein-protein
interaction networks, conducted weighted gene co-expression network analysis
(WGCNA), and built a risk model.

Results: Our analysis revealed that dihydrolipoamide dehydrogenase (DLD), a
regulator of copper toxicity, was significantly associated with ASCI, and DLD
expression was significantly upregulated after ASCI. Furthermore, gene ontology
(GO) enrichment analysis and gene set variation analysis (GSVA) showed abnormal
activation of metabolism-related processes. Immune infiltration analysis indicated
a significant decrease in T cell numbers in ASCI patients, while M2 macrophage
numbers were significantly increased and positively correlated with DLD
expression.

Discussion: In summary, our study demonstrated that DLD affects the ASCI
immune microenvironment by promoting copper toxicity, leading to increased
peripheral M2 macrophage polarization and systemic immunosuppression. Thus,
DLD has potential as a promising biomarker for ASCI, providing a foundation for
future clinical interventions.

spinal cord injury (SCI), cuproptosis, immune microenvironment, DLD, machine learning
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GRAPHICAL ABSTRACT

The graphical abstract is divided into two main sections, upper and lower. The upper section comprises three subsections, from left to right, which
respectively represent the peripheral blood immune microenvironment in non-spinal cord injury, the involved biological processes and genes, and
the peripheral blood immune microenvironment after spinal cord injury. The lower section also contains three subsections, from left to right, which
respectively represent the legend for immune cells, the application of artificial intelligence in the field of spinal cord injury, and the specific trends of
changes in the peripheral blood immune microenvironment after spinal cord injury.

1. Introduction

Spinal cord injury (SCI) is commonly caused by external
trauma and is considered as one of the most serious injuries
in traumatology, requiring advanced experience, practice, and
knowledge to ensure the best outcomes for patients (I'ehlings and
Nguyen, 2010; Huang et al., 2020). SCI affects 1.3 million people in
North America alone, and the direct lifetime cost per patient ranges
from $1.1 to $4.6 million (Wilson et al., 2013; Ahuja et al., 20165 |
Spinal Cord Med, 2016). Furthermore, SCI-related disability and
death rates have been increasing in recent years (Byra, 2016; Casper
etal., 2018).

The severity of spinal cord injuries can be divided into two
stages: primary and secondary. Primary-stage injury is defined
as direct mechanical damage to tissue, typically due to shearing,
tearing, acute stretching, or sudden acceleration and deceleration
(Wilkerson and Hayes, 2010; Van Gassen et al., 2015). Secondary
injuries can be categorized as acute (within 48 h), subacute (2—
14 days), intermediate (14 days to 6 months), or chronic (over
6 months) (Badhiwala et al., 2019). Hemorrhage and disruption
of the blood-spinal cord barrier (BSCB) expose the spinal cord
to inflammatory cells, such as neutrophils, macrophages, and
cytokines, accompanied by the release of cytotoxic byproducts
(Kim et al., 2017). Edema progresses during the subacute
phase, causing further vascular damage, calcium dysregulation,
inflammation, and persistent ischemia, which cyclically promote
the cytotoxic microenvironment (Singh et al., 2012; Wang et al.,
20145 Liu et al, 2015; Khan et al., 2018). The intermediate and
chronic phases of SCI are characterized by dynamic vascular
remodeling, alterations in extracellular matrix composition, and
reorganization of local and distal neural circuits (Bradbury and
Burnside, 2019). Additionally, after SCI, peripheral lymphoid
organs (e.g., the spleen) lose sympathetic innervation, resulting
in SCI-induced immune deficiency syndrome (SCI-IDS), which
substantially increases the risk of peripheral infection (Brommer
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et al,, 2016). Peripheral infections are the leading cause of death in
patients with spinal cord injury (Savic et al., 2017; Kriz et al., 2021).
Moreover, infections and associated hyperthermia can further
impair the function of the central nervous system (CNS) after an
SCI (Carpenter et al., 2020). Unfortunately, no curative treatment
options are available for improving neurological outcomes after SCI
(Burns et al., 2017; Badhiwala et al., 2018).

Unlike treatments for primary injuries, those for traumatic SCI
focus on minimizing secondary injuries (Lee et al., 2018), achieved
through the use of methylprednisolone (MP) and early surgical
decompression (Badhiwala et al., 2018). However, studies have
shown that high-dose MP treatment in the early stages of ASCI does
not result in better sensory recovery (p-value = 0.07), but instead
causes gastrointestinal bleeding (p-value = 0.04) and respiratory
infections (p-value = 0.04) (Liu et al., 2019). Therefore, high doses
of MP should be used with caution as routine treatment for ASCI
in the early stages. As the global population ages, cervical spine
injuries account for an increasing proportion of traumatic spinal
cord injury (Devivo, 2012). Researchers have found that patients
with cervical acute spinal cord injury (ASIA) who undergo early
surgery (within 24 h) show better functional recovery after six
months than those who undergo late surgery (more than 24 h)
(Fehlings et al, 2012). Nevertheless, early surgical intervention
for ASCI may encounter numerous obstacles, including a lack
of operating room availability, transporting patients from injury
sites or other centers, a lack of specialized operating room teams,
and a lack of on-call surgeons (Glennie et al., 2017). This means
a large proportion of patients are likely to miss the optimal
time to undergo surgery, depriving them of timely treatment and
compromising their clinical outcomes. Due to limited sensitivity
and specificity, the application of therapeutic strategies, such as
pharmacotherapy (Ijell et al., 2015), cell therapy (Cofano et al,
2019), biomaterials (Zuidema et al., 2014), and functional electrical
stimulation (Kapadia et al., 2014; Bonizzato et al, 2018), on a
large clinical scale has been difficult. Recent studies suggest that
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the pathogenesis of SCI is closely related to the characteristics
and dynamics of the infiltrating monocyte-derived macrophages
(MDM) (Milich et al,, 2019). As the field of SCI research grows,
bioinformatics research based on next-generation sequencing
attracts increasing attention. Gene expression analysis of three
datasets (GSE92657, GSE93561, and GSE189070) in the GEO
database identified a gene with high auxiliary value in SCI (Tong
et al, 2022). Lai et al. (2013) investigated gene expression in
thoracic intrinsic spinal cord neurons of 12 SCI rat models and 12
healthy control rats, identifying three genes of potential interest for
future research (Lai et al., 2013). SCI-IDS can exacerbate peripheral
infections after SCI, further impairing central nervous system
function and resulting in increased mortality and complications.
Therefore, studying changes in the immune microenvironment
following SCI is necessary to further aid in the diagnosis of SCI and
its adjuvant treatment.

Among essential trace elements, copper (Cu) plays an
important role in growth, metabolism, and regulatory functions
related to oxidative stress. It also potentially contributes to the
pathophysiology of SCI and neural regeneration following injury
(Che et al.,, 2016; Inesi, 2017; Guengerich, 2018; Timon-Gomez
et al, 2018). Despite its usefulness as a cofactor for enzymes
across the animal kingdom, copper can be toxic, resulting in cell
death even at modest intracellular concentrations (Ge et al., 2022).
The role of metal ions in SCI is diverse and important. A recent
study shows that SCI patients exhibit a significant increase in iron
deposits in their motor cortex, ultimately resulting in ferroptosis
in motor neurons and impaired recovery of motor function (Feng
etal, 2021). In a different study, zinc inhibited neuronal ferroptosis
through the NRF2/HO-1 and GPX4 signaling pathways, exerting
a neuroprotective effect (Ge et al., 2021). Following ferroptosis, a
new metal ionic cell death pathway called cuproptosis has recently
gained attention. It is associated with aggregation of fatty acylated
proteins and proteotoxic stress resulting from excessive copper
accumulation (Tsvetkov et al., 2022). Ten genes are implicated in
the process of cuproptosis: FDX1, DLAT, LIPT1, PDHB, LIAS,
DLD, and PDHAL are positively regulated, while MTF1, GLS,
and CDKN2A are negatively regulated (Tsvetkov et al., 2022).
Cuproptosis has been shown to play a role in a variety of
diseases. Wilson disease (WD) is associated with cuproptosis and
is characterized by copper accumulation in cells and organs. Thus,
copper chelators may be effective in treating WD (Aggarwal and
Bhatt, 2018). A recent study evaluated the role of cuproptosis in
hepatocellular carcinoma and identified a prognostic long non-
coding (Inc) RNA profile associated with cuproptosis to predict
response to immunotherapy (Zhang et al, 2022). Despite this,
it remains unclear whether cuproptosis can be applicable as a
therapeutic option for patients with spinal cord injuries. Serum
copper levels have been found to be significantly higher in patients
with spinal cord injuries than in healthy subjects (p-value = 0.002)
(Salsabili et al., 2009). Abnormalities in serum copper levels after
SCI could provide new insights into the pathogenesis of SCI.

Dihydrolipoamide dehydrogenase (DLD), a multifunctional
oxidoreductase, is an essential component of multiple
mitochondrial multienzyme complexes, and it is known to induce
cuproptosis (Fan et al., 2014; Tsvetkov et al., 2022). Numerous
studies have highlighted the importance of DLD in cell death. For
example, DLD induced hyperphosphorylation of microtubule-
associated tau protein, which led to neurodegeneration in
Alzheimer’s disease (Ahmad, 2018). Moreover, DLD has been
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shown to produce a significant amount of reactive oxygen species
(ROS) in melanoma cells, inducing apoptosis (Dayan et al., 2019).
In addition, DLD is known to promote ferroptosis in head and
neck cancers (Shin et al., 2020). Although cell death is inevitable
during the acute phase of spinal cord injury, it is unknown whether
DLD influences this process.

Our study aimed to evaluate the effects of cuproptosis-
related genes (CRGs) on ASCI progression and the immune
microenvironment using a multi-omics and multi-dimensional
approach, in addition to identifying peripheral blood biomarkers
for acute (A) SCI. Therefore, an exploratory examination of
the relationship between DLD, ASCI disease progression, and
changes in the immune microenvironment was performed
using bioinformatics analysis, including differential expression
analysis, protein-protein interaction (PPI) network analysis,
centrality analysis, weighted gene co-expression network analysis
(WGCNA), risk model construction, deep learning-based clinical
prediction model construction, functional enrichment analysis,
molecular subtype analysis, and immune infiltration analysis.
Our findings suggested that DLD affects the peripheral immune
microenvironment in ASCI and induces M2 polarization of
macrophages, which exacerbates SCI-IDS and adversely impacts
ASCI outcome. Moreover, DLD shows potential as a peripheral
blood biomarker for ASCI. As a result of our analysis, it becomes
clear that CRGs play an important role in ASCI development, as
well as providing a basis for therapeutic applications of cuproptosis
regulators in ASCI.

2. Materials and methods

2.1. Data sources and preprocessing

We downloaded single-array ASCI patients RNA-seqencing
(seq) data from the GEO database! to eliminate the possibility of
multi-array batch effects interfering with our results. The criteria
for gene chip selection were as follows: (1) Complete raw RNA-
sequencing data were available, (2) RNA-sequencing of peripheral
blood leukocytes from patients with spinal cord injuries, (3) Within
48 h after the injury, peripheral blood samples were collected from
the patient, and (4) Complete clinical baseline information was
available for the patients. The selected gene microarray dataset
was GSE151371 (Kyritsis et al., 2021), with Homo sapiens as the
selected species and peripheral blood leukocytes as the selected
tissue type. The dataset included data from 20 control patients
without spinal cord injuries (Control group) and 38 ASCI patients
(ASCI group). Data from microarray experiments were normalized
using the Bioconductor package limma (Phipson et al, 2016).
Clinical data for ASCI patients were obtained from the GSE151371
dataset (Table 1). Missing values and outlier samples were removed
before training neural networks.

2.2. Expression profiling of CRGs

To determine the expression of CRGs in ASCI, we identified
the chromosomal locations using the R software package RCircos

1 https://www.ncbi.nlm.nih.gov/geo/
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(Zhang et al,, 2013). Next, we analyzed the expression of CRGs in
the ASCI and control groups using the Wilcoxon test and visualized
the results using the ggplot2 (Ito and Murphy, 2013) package. The
differential expression of CRGs was analyzed using the R package
limma and visualized using the ggplot2 package. Since small
changes in the nervous system can have a substantial impact, we
set a cutoff at a p-value of <0.05 to ensure the comprehensiveness
of the differential expression analysis.

Next, to analyze the correlation and interaction between
positive (FDX1, DLAT, LIPT1, PDHB, LIAS, DLD, and PDHA1)
and negative (MTF1, GLS, and CDKN2A) cuproptosis regulators,
we performed Spearman correlation analysis on CRGs and
visualized the results using the R package ggcorrplot.

2.3. Risk model and clinical prediction
model construction

We first identified key genes associated with ASCI using
univariate logistic regression analysis, and then used the least
absolute shrinkage and selection operator (LASSO) algorithm to
confirm the correlation between key genes and ASCIL. Furthermore,
a variance inflation factor cutoff of four was used to exclude
multicollinearity in multivariate logistic regression analysis of
ASCI. To validate the results of the multivariate logistic regression
and assist in the diagnosis of ASCI, we developed a nomogram
prediction model based on these results. A calibration curve was
used to evaluate the performance of the nomogram model in
identifying patients with ASCIL.

After considering the ASIA score as the dependent variable,
we incorporated the ASCI-related potential biomarker (DLD) and
eight clinical features into the model. The clinical features included
sex, age, race, prior central nervous system pathology, injury severe
score, concurrent traumatic brain injury, blood draw time, and
damaged spinal cord stage. We used the R package keras to model
the classifier architecture using neural networks. The ASIA scores
were compressed according to grades with the A, B, and C levels
designated as level 2, whereas the D and E levels were designated
as level 1. This neural network consisted of two layers, in which
the input layer activation function was “relu” and the output
layer activation function was “sigmoid,” combined with a rmsprop
optimizer and a custom penalty function. The ASCI patients were
randomly assigned to training and validation sets in a 3:7 ratio.
To measure the performance of the clinical prediction model,
receiver operating characteristic (ROC) curves were calculated by
comparing predicted and observed values from the neural network.

2.4. CRGs functional enrichment analysis
and gene set variation analysis

CRG annotation using GO and KEGG pathway enrichment
analysis was performed using the clusterProfiler package (Yu et al.,
2012) in R. Statistical significance was determined using a false
discovery rate of 0.05.

To determine whether there were differences between different
groups regarding biological processes, we performed gene set
variation analysis (GSVA) using the gene expression profiling
dataset of ASCI patients. Gene set enrichment analysis (GSEA)
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TABLE 1 Baseline information.

n 58
Group, 1 (%) SCI 38 (65.5%)
Control 20 (34.5%)
Sex, 1 (%) F 19 (32.8%)
M 39 (67.2%)
Race, n (%) Asian 4(6.9%)
Black or African-American 5(8.6%)

Hispanic 25 (43.1%)
Other 3(5.2%)
Unknown 16 (27.6%)
White 5 (8.6%)

Prior CNS pathology, n (%) No 41 (70.7%)

Yes 12 (20.7%)
Unknown 5(8.6%)
Concurrent TBI, n (%) No 48 (82.8%)
Yes 8(13.8%)
Unknown 2 (3.4%)
NLI grouped, n (%) Cervical 18 (47.4%)
Lumbar 2(5.3%)
Thoracic 10 (26.3%)
Unknown 8 (21.1%)

ASIA impairment scale, n (%) |A 12 (31.6%)

B 4(10.5%)
C 6 (15.8%)
D 11 (28.9%)
Unknown 5(13.2%)
Age, median (IQR) 51 (39, 66)
1SS, median (IQR) 21 (17, 32.5)

Blood draw time, median (IQR) 22.5 (17, 40)

evaluates whether two biological states are significantly different
from each other by comparing a gene set (Subramanian et al,
2005). GSVA is a sub-algorithm of GSEA that estimates changes
in pathway and biological process activity in samples of expression
datasets. Using the annotation catalog (msigdb.v7.4.symbols.gmt)
from the MSigDB database (Liberzon et al., 2015), we performed
GSVA using the R package GSVA (Hanzelmann et al, 2013),
and employed linear fitting and Bayesian network algorithms to
determine the differences between the ASCI and control groups in
the relevant GSVA pathways. A p-value threshold of 0.05 was used
to determine statistical significance.

2.5. Weighted gene co-expression
network analysis (WGCNA)

Using the R package WGCNA (Langfelder and Horvath,
2008), we performed a WGCNA analysis of the eigengene set
in ASCI. First, to eliminate outliers from the standardized gene
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expression data, we performed hierarchical clustering. In the
next step, we adopted the R? and slope values to determine
the optimal soft threshold, as well as to validate the scale-free
network. A dissimilarity analysis, with a threshold of 0.25, was
used to determine the adjacency matrix and topology matrix, and
dynamic shear trees were analyzed to identify network modules
(deepSplit = 2, miniClusterSize = 30). Finally, we performed the
correlation analysis in conjunction with the ASCI phenotype data.

2.6. Construction of protein—protein
interaction (PPI) network

The PPI network of CRGs was constructed using the STRING

database, and the sub-networks were extracted using the MCODE
plugin of Cytoscape software (version: 3.9.1) (Shannon et al., 2003).

Frontiers in Cellular Neuroscience

Next, we examined the centrality of the PPI network of CRGs
in four dimensions including betweenness centrality, closeness
centrality, degree centrality, and stress centrality. Moreover, we
analyzed the co-expression of ASCI-related WGCNA module
genes, differentially expressed CRGs, PPI sub-network genes of
CRGs, and the results of multivariate logistic regression.

2.7. Ildentification and correlation analysis
of immune infiltration in ASCI

The extent of immune cell infiltration in the control and
ASCI groups was calculated using the single-sample Gene Set
Enrichment Analysis (ssGSEA) algorithm. According to gene
expression data, ssGSEA can be used to determine the population
of immune cells within a sample (Subramanian et al, 2005).
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Overall expression of cuproptosis-related genes (CRGs) in acute spinal cord injury (ASCI) patients. (A) Differences in the expression of CRGs between
the ASCI and control groups; ns indicates p-value = 0.05, * indicates p-value < 0.05, and ** indicates p-value < 0.01. (B) Expression heat map of
CRGs. (C) Chromosome localization map of CRGs. (D) Volcano plot of the results of the differential genetic analysis of CRGs.

CIBERSORT is an analytical tool developed by Newman et al.
to estimate the abundance of different cell types in mixed cell
populations by using gene expression data (Newman et al,, 2019).
We validated immune infiltration results using the CIBERSORT
algorithm in R. Statistically significant differences in immune cell
proportions between normal and diseased sample groups were
calculated using the Wilcoxon test, with a p-value of 0.05 being
considered statistically significant. To determine the stability of
the immune infiltration analysis results, based on the R package
immunedeconv and ImmuCellAL we also used different algorithms
for validation, including: quanTIseq, Xcell, MCP-counter, and
ImmuCellAI (Sturm et al., 2019; Miao et al., 2020).

Our analysis of ASCI key genes and immune characteristics was
conducted using the R package corrr to quantify the correlation
between ASCI key genes and immune characteristics. Based on
the ASIA score, we divided the ASCI patients into two groups:
the ASIA-high group, which included levels A, B, and C, and
the ASIA-low group, which included levels D and E. Next, we
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further explored the effect of an altered immune microenvironment
on ASCI disease progression through differential expression and
correlation analysis.

2.8. Construction of the ASClI-related
molecular subtype

To analyze the potential subtypes among the CRGs of ASCI
patients, we first organized the expression matrix of CRGs, then
compressed the data distribution using normalization, and finally
performed consensus clustering analysis using the hclust algorithm
(sample resampling ratio: 80%, number of resamplings: 1,000,
maximum number of clusters: 7). The R package pheatmap was
used to visualize molecular typing results. To evaluate ASCI
molecular typing, we used the T-distributed Stochastic Neighbor
Embedding (tSNE) algorithm. According to the results of the
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FIGURE 3
Correlation of cuproptosis-related genes (CRGs) in acute spinal cord injury (ASCI) patients. (A—C) Correlation histogram plot of CRGs; the abscissa
represents positive cuproptosis regulators, and the ordinate represents negative cuproptosis regulators; Colour code indicates correlation.
(D) Correlation heat map of CRGs; numbers represent correlation coefficients. (E) Correlation network diagram of CRGs; numbers represent
correlation coefficients.

analysis of ASCI-related molecular subtypes, Spearman’s coefficient
was used to determine the relationships between key genes and
ASClI-related molecular subtypes.

2.9. gRT-PCR and ELISA experiment

White cells were extracted from peripheral blood through
Peripheral Blood Leukocyte Isolation Kit (TBD, WBC1077K),
strictly following the manufacturers instructions. We collected
peripheral blood (5 ml) from patients in the ASCI group (n = 3)
and control group (n = 3) using anticoagulant tubes. Carefully suck
the blood sample with a straw and add it to the liquid level of the
separation solution (5 ml), then centrifuge (500-800 g, 30 min).
After centrifugation, carefully aspirate all circular milky white cell
layers (one or two layers) using a pipette, add them to 10 ml of
cleaning solution, and mix the cells evenly. Then centrifuge at
low speed (250 g, 10 min). Repeat washing 2-3 times to obtain

Frontiers in Cellular Neuroscience

115

the required white blood cells. qRT-PCR and ELISA experimental
processes are similar to our previous studies (Wu et al., 2022).
The primers in qRT-PCR are LDHD-F sequence (5-3" agc ctg agc
acc gtg tta cc), LDHD-R Sequence (5-3’ gcc agg aca gga tgc gta
gg), which purchased from Sangon Biotech (Shanghai, 007177).
The Human DLD ELISA Kit was purchased from ZCi Biotech
(Shanghai, ZC-56138). Measure the absorbance (OD value) using
an enzyme-linked immunosorbent assay at a wavelength of 450 nm.
Both qRT-PCR and ELISA experiments were repeated three times.

2.10. Statistical analysis

Data processing and analysis were conducted using the R
software (version 4.2.0). When comparing two continuous variable
groups, an independent Student’s t-test was used to estimate
the statistical significance of normally distributed variables, and
Mann-Whitney U tests were used to examine differences between
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non-normally distributed variables. Statistical significance of the
two categorical variable groups was determined using the chi-
square or Fisher’s exact test. Spearman correlation analysis was
used to measure the correlation coeflicients of different genes. The
statistical p-values were two-tailed, and statistical significance was
setat p < 0.05.

3. Results

3.1. Gene chip quality control
The flow chart for this study can be found in Figure 1.

We analyzed the expression levels in ASCI and control
groups from the GEO dataset using background calibration
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how ASCI overall

(Supplementary Figure 1).

to evaluate patients express CRGs

3.2. Expression profile of CRGs in ASCI

CRG expression distribution and chromosomal localization
were analyzed to determine the overall expression of CRGs in
ASCI patients (Figures 2B, C). Next, we determined whether the
expression of CRGs in the ASCI group differed from that in the
control group using the Wilcoxon test. The results demonstrated
that MTF1, LIPT1, GLS, LIAS, and CDKN2A were significantly
differentially expressed (Figure 2A). Subsequently, we performed
differential gene expression analysis for CRGs in ASCI patients. We
found that DLD and MTF1 were significantly upregulated in ASCI
patients, whereas GLS, LIAS, LIPT1, and FDX1 were significantly
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downregulated in ASCI patients (p-value < 0.05) (Figure 2D).
To ensure the comprehensiveness of the study, we combined
the results from Wilcoxon’s test and differential gene expression
analysis.

Next, we analyzed the correlation and interaction between
positive and negative regulators within CRGs using the Spearman
algorithm (Figure 3E). There was a positive correlation between
DLD and MTF1, and a negative correlation between DLD, GLS,
and CDKN2A (Figures 3A-C). Genes with a correlation coefficient
greater than 0.7 were considered significantly correlated, and a
significant negative correlation was observed between DLD and
CDKN2A (Figure 3D).

3.3. Construction of risk models

To analyze the expression of CRGs in ASCI, we first performed
a univariate logistic regression analysis to identify key genes
associated with ASCI. We employed the LASSO algorithm to
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narrow down the analysis and validate the key genes associated
with ASCI (Figures 4B, D, E). In a multivariate logistic regression
model, ASCI-related eigengenes were incorporated, and GLS,
LIAS, and DLD were identified as independent risk factors for
ASCI (p-value < 0.05) (Figure 4B). Based on the multivariate
logistic regression results, a predictive nomogram was constructed
to predict the risk of ASCI (Figure 4A). The calibration curve
demonstrated that the nomogram prediction model, based on the
independent risk factors of ASCI, could identify patients with ASCI
with excellent accuracy (Figure 4C).

3.4. Construction of clinical prediction
models

To aid clinical diagnosis and treatment, we integrated DLD
expression levels and clinical characteristics into our model,
constructing an architecture of back-propagation neural networks
with classifiers (Figure 5A). Based on the calibration curve, the
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Category ID Description p-value
BP GO0:0006086 Acetyl-CoA biosynthetic process from pyruvate 9.66E-13
BP GO:0006085 Acetyl-CoA biosynthetic process 8.96E-12
BP GO0:0006084 Acetyl-CoA metabolic process 1.53E-10
BP GO0:0044272 Sulfur compound biosynthetic process 1.72E-10
BP G0:0035384 Thioester biosynthetic process 4.35E-10
MP G0:0016620 Oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor 2.08E-10
MP G0:0016903 Oxidoreductase activity, acting on the aldehyde or oxo group of donors 4.28E-10
MP GO0:0016747 Acyltransferase activity, transferring groups other than amino-acyl groups 2.11E-03
MP GO0:0016746 Acyltransferase activity 2.67E-03
MP GO0:0016783 Sulfurtransferase activity 3.26E-03
CC GO:0005759 Mitochondrial matrix 2.12E-10
CcC G0:1990204 Oxidoreductase complex 1.52E-08
CcC GO0:0098798 Mitochondrial protein-containing complex 2.71E-03
CC GO:0045239 Tricarboxylic acid cycle enzyme complex 3.98E-03
CC GO:0001669 Acrosomal vesicle 3.66E-02
KEGG hsa00020 Citrate cycle (TCA cycle) 2.23E-09
KEGG hsa00620 Pyruvate metabolism 1.45E-08
KEGG hsa00010 Glycolysis/Gluconeogenesis 6.20E-08
KEGG hsa01200 Carbon metabolism 5.54E-07
KEGG hsa01240 Biosynthesis of cofactors 1.25E-04

model demonstrated excellent classification performance in both
training and validation datasets (Figures 5B, C). A comparison
between predicted and actual ASCI values was conducted to
evaluate the performance of the neural network, resulting in
ROC curves with area under the curve (AUC) of 0.8 and 0.757
in the training set and validation set, respectively (Figures 5D,
E). These results confirm the outstanding ability of the neural
network clinical prediction model to predict neurological function
in ASCI patients. Moreover, by using the custom penalty
function, we enhanced the goodness of fit of the neural network
model for small datasets, thereby preventing the occurrence of
overfitting.

3.5. Functional enrichment analysis

Comparing ASCI and control patients, we analyzed the
effects of CRGs on biologically relevant functions (Table 2).
The GO functional annotation results of CRGs revealed that
biological processes were dominated by differentially expressed
genes, such as the biosynthesis of acetyl-CoA from pyruvate,
acetyl-CoA metabolic process, and acetyl-CoA biosynthetic
process (Figure 6A); molecular functions such as antioxidant
activity, acting on the aldehyde or oxo group of donors,
NAD or NADP as acceptor, acyltransferase activity, and
sulfurtransferase activity (Figure 6B); and cellular components
such as mitochondria matrix, oxidoreductase complex, and
mitochondrial protein-containing complex (Figure 6C). The
first eight enrichment results of the GO biological process
examined the regulation of CRGs (Figures 6D, E). The next
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step was to conduct an interactive study of enrichment of
CRGs in KEGG pathways, and the results indicated that these
CRGs were enriched in pathways such as the citrate cycle (TCA
cycle), pyruvate metabolism, and glycolysis/gluconeogenesis
(Figure 6F).

We performed GSVA analysis with CRGs to verify the accuracy
of GO and KEGG enrichment analyses. Biological processes
were found to differ significantly from one another: biosynthetic
process, metabolic process, and oxidation process were significantly
upregulated after ASCI (Figure 6G). Based on these findings, CRGs
may play a role in metabolic processes associated with SCI.

3.6. Weighted gene co-expression
network analysis (WGCNA)

To analyze the eigengene set of ASCI, we performed a WGCNA
using all genes from the GSE151371 chip. First, we performed
a hierarchical clustering analysis on the samples; then, outlier
samples were removed, and a dynamic clipping tree was used to
identify the network modules (Figure 7D). The scale-free network
was verified upon selecting the best soft threshold. The results
showed that R = 0.87 and slope = —1.97, and the scale-free
network had been successfully established (Figures 7A-C). After
excluding the gray module, we performed a correlation analysis
using the scale-free network module and the external module
(ASCI), revealing a significant relationship between the ivory, blue,
darkgray, saddlebrown, brown, darkred, green, and black modules
and ASCI (p-value < 0.05) (Figure 7E).
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Functional enrichment analysis of cuproptosis-related genes (CRGs). (A—C) Bubble diagram of the first 10 biological processes, molecular functions,
and cellular components items, with horizontal coordinates indicating GeneRatio, vertical coordinates indicating gene ontology (GO) terms, dot size
indicating the number of genes, and dot color indicating adjust p-value. (D) Circle diagram of the first eight biological processes items, with the
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3.7. PPl network of CRGs between ASCI The PPI network of CRGs was constructed using the STRING
and control groups database, containing 17 interaction relationships and ten CRGs,

with a confidence index of 0.7, an average local clustering coeflicient
We explored differences in PPI networks by extracting protein ~ of 0.733, and an enrichment p-value of 1.11e-16 (Figure 8B).
interaction networks of CRGs from ASCI and control groups.  Next, we used the Cytoscape software to extract the functional
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interaction subnets of the PPI network (Figure 8C). We also
analyzed the centrality of PPI network nodes in four dimensions:
betweenness centrality, closeness centrality, degree centrality, and
stress centrality. The results indicated that DLD and LIAS occupy
critical positions within the PPI network (Figure 8A). After
conducting co-expression analyses of all CRGs, ASCI-related
WGCNA modules, differentially expressed CRGs, and multivariate
logistic regression, we found that DLD was not only highly
correlated with ASCI but also exhibited significant changes in
expression levels after ASCI (Figure 8D). Thus, cuproptosis
regulator DLD may play an important role in ASCI, which was the
focus of our next analysis.

3.8. Immune infiltration and correlation
in ASCI and control groups

ASCI patients were assessed using the CIBERSORT algorithm
for their immune profile and level of immune cell infiltration
(Figure 9A). To further elucidate changes in the immune
microenvironment of ASCI patients, we estimated the extent
of immune cell infiltration using ssGSEA (Figure 9B). After
ASCI, the number of activated B cells and activated CD8 T
cells significantly decreased, while the number of macrophages
significantly increased (p-value < 0.05). To evaluate the stability
of the immune infiltration analysis, we used several immune
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infiltration algorithms for validation and obtained similar
conclusions (Supplementary Figures 2A-D).

To determine whether CRGs play a role in the altered immune
environment after ASCI, we analyzed the correlation between
DLD and differentially expressed T cells, B cells, plasma cells, and
macrophages. Correlations were considered significant when the
p-value was less than 0.05. The results indicated that DLD and
CD8 T cells were significantly negatively correlated (R = —0.44,
p = 5.6e-04) (Figure 10C), DLD and CD4 naive T cells were
—0.39, p = 2.8e-0.3)
(Figure 10D), and DLD and M2 macrophages were significantly
positively correlated (R = 0.35, p = 7.9e-03) (Figure 10G). There
was no significant correlation between DLD and the remaining

significantly negatively correlated (R =

immune infiltrating cell population (p-value > 0.05) (Figures 10A,
B, E, F). A significant positive correlation was also found between
DLD and ASIA grades (R = 0.37, p = 0.038) (Figure 10H).
We analyzed M2 macrophage levels in ASCI-high and ASCI-
low patients to understand the role of immune cell abnormalities
in ASCI disease progression. The results showed that the ASIA-
high group had a significantly higher content of macrophage
M2 (p-value < 0.05) (Supplementary Figure 2F). Moreover, M2
macrophage numbers and ASIA levels showed a significant positive
correlation (R = 0.12, p = 0.046) (Supplementary Figure 2E). This
suggests that peripheral blood macrophages M2 play an important
role in the ASCI process.
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3.9. Construction and correlation
analysis of relevant molecular subtypes
of ASCI

We then constructed ASCI subtypes based on their molecular
characteristics. Based on the cumulative distribution function
(CDF), it was optimal to have two subtypes, named Clusterl and
Cluster2 (Figures 11A-C). To verify the effect of ASCI molecular
typing, tSNE analysis was performed. The results indicated that
Cluster]l and Cluster2 have excellent resolution (Figure 11D).
Finally, we calculated the association between the ASCI key gene
DLD and the two ASCI molecular subtypes, finding that both
Clusterl (R = 0.25, p = 0.005) and Cluster2 (R = 0.46, p = 4.1e-07)
were significantly positively correlated with DLD (Figures 11E, F).

3.10. gRT-PCR and ELISA experiment
confirmed the increase expression of
DLD in white cells after ASCI

To verify the expression changes of DLD after ASCI, we
extracted peripheral white blood cells from patients in the
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experimental group and control group. qRT-PCR and ELISA
experiment indicated that DLD was significantly increased in
mRNA and protein level in white blood cells after ASCI
(Figures 12A, B). These results suggested that DLD might
be related to immune infiltration in peripheral white blood
cells after ASCI.

4. Discussion

An unintentional spinal cord injury is an extremely serious
condition, with dire consequences for the patient’s health and
a significant financial burden (Wu et al, 2021). ASCI has been
extensively studied, but no effective molecular targeted therapies
have been validated. A new cell death pathway, cuproptosis, has
recently gained increased attention (Tsvetkov et al., 2022). In the
current study, we utilized human peripheral blood leukocyte data
obtained from the GEO database to analyze the effects of CRGs
on the ASCI immune microenvironment at a multi-omics level
and their clinical significance. Using differential gene analysis,
WGCNA, risk model construction, and PPI network centrality
analysis, we identified potential ASCI peripheral blood diagnostic
markers and the potential therapeutic target DLD. We integrated
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these results with clinical information from ASCI patients to
construct a predictive model for ASCI. Based on our findings,
the enriched biological processes and pathways in ASCI are
closely related to metabolic and oxidative processes. The immune
infiltration results indicated that systemic immune function
was suppressed following ASCI. We constructed two molecular
subtypes of ASCI and elucidated the role of CRGs in both subtypes.
In the ASCI subtypes Clusterl and Cluster2, the cuproptosis
process, positively regulated by DLD, affected the peripheral
immune microenvironment and induced the polarization of M2
macrophages, further exacerbating systemic immunosuppression
following ASCI and affected the prognosis.

Numerous studies have highlighted the importance of immune
cells in ASCI. For example, a high-segment spinal cord injury
can be treated by targeting the spleen in order to regain immune
homeostasis (Noble et al., 2018). The function of natural killer
(NK) cells is affected following SCI, and thus, NK cells are
considered potential therapeutic targets for SCI (Laginha et al,
2016). Consequently, in this study, we selected human peripheral
blood leukocyte sequencing data and used only one chip to
eliminate batch effects. Initially, we normalized the GSE151371
microarray data to identify the chromosomal location of CRGs.
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Among the six CRGs identified by differential gene analysis,
DLD and MTF1 were significantly upregulated in ASCI patients.
Accordingly, DLD and MTF1 are likely key genes involved in
cuproptosis affecting ASCI. Next, to investigate whether dynamic
regulation of the cuproptosis process occurs after ASCI, we
analyzed the interaction between positive and negative cuproptosis
regulators, and the results indicated that DLD was significantly
negatively correlated with CDKN2A. However, univariate logistic
regression indicated no correlation between CDKN2A and ASCI;
thus, DLD may represent an independent risk factor for ASCI. Due
to its role as a multifunctional oxidoreductase, DLD is involved
in various processes, such as DNA binding, apoptosis mediation,
and reactive oxygen species generation (Fernandez and Bolanos,
2016; Ambrus and dam-Vizi, 2018; Lin et al., 2019). It has been
reported that inhibition of DLD counteracts oxidative stress in
type 2 diabetes (Yang et al., 2019). Furthermore, another study
showed that DLD inhibition reduces ischemic stroke damage
through reduced oxidative stress, reduced cell death, increased Nrf2
signaling, and increased NQOI activity (Wu et al., 2017a). Our
results reveal similar evidence for the important role played by DLD
in the metabolic and oxidative processes of ASCI.
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represents correlation coefficient, and P represents p-value.

Correlation analysis of acute spinal cord injury (ASCI) key genes and immune infiltrating cells. (A—G) Scatter plot of the correlation between DLD and
immune infiltrating cells, including B cells memory, Plasma cells, T cells CD8, T cells CD4 naive, T cells CD4 memory resting, macrophage MO, and
macrophage M2; R represents correlation coefficient, and P represents p-value. (H) Scatter plot of the correlation between DLD and ASIA levels; R

Using the PPI network identified in this study, we discovered
genes that play an important role in ASCI, specifically DLD and
LIAS. Both univariate and multivariate logistic regressions analyses
indicated that DLD, LIAS, and GLS were independent risk factors
for ASCI. Based on the logistic regression results, we constructed
a clinical prediction nomogram model. Using DLD, LIAS, and
GLS expression levels, the model can accurately diagnose ASCI.
A scale-free network using WGCNA was constructed to ensure
the study was as comprehensive and stable as possible. Eight gene
modules associated with ASCI were identified using this network.
Next, we identified potential ASCI biomarkers from four aspects,
including: linear relationships (logistic regression), scale-free
networks (WGCNA), protein interaction relationships (PPI
networks), and differential genes. Across all four latitudes, DLD
showed significant importance. Therefore, DLD was confirmed
to play an important role as an independent risk factor in
the development of ASCI. After combining the clinical data of
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ASCI patients with the expression levels of DLD, we built a
back-propagation neural network model that can be used to
predict the neurological function of ASCI patients and assist with
diagnosis and treatment. Using a custom penalty function, we
optimized the fit of a neural network for a small training set,
which not only achieved a higher recall rate, but also prevented
under- or over-fitting. The clinical application value of DLD as
a biomarker in the diagnosis and treatment of ASCI was further
elucidated by the neural network clinical prediction model. In
the enrichment analysis, the metabolism-related pathways such
as pyruvate metabolism and citrate cycle (TCA cycle) were
significantly enriched, suggesting that DLD played a critical role
in the metabolic process of various diseases (Landgraf et al., 2017;
Wu et al., 2017b; Purroy et al., 2020). After ASCI, metabolic and
oxidative processes were active, as indicated by the results of the GO
and GSVA analyses. Metabolism plays a significant role in ASCI,
as dysregulated metabolic pathways are involved in pathological
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processes leading to tissue damage and functional impairment
(Lepoutre etal., 2017; Neural Regen Res, 2021). Targeting metabolic
pathways is a promising strategy for ASCI treatment, improving
neuronal survival, promoting axonal regeneration, and reducing
pathological processes (Meesters et al., 2017; Meier et al., 2017).
Enriched metabolic pathways in ASCI include the TCA cycle,
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glycolysis, and ketone body metabolism. Their dysregulation leads
to oxidative stress, cell death, and tissue damage, suggesting
therapeutic potential for metabolic interventions (Lepoutre et al.,
2017; Meier et al., 2017). Metabolic reprogramming may serve as
a hallmark of ASCI progression and a potential target for therapy
(Meier et al., 2017). Targeting metabolic pathways may offer new
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avenues for treating ASCI. Further research is needed to elucidate
the underlying mechanisms and potential therapeutic benefits of
metabolic interventions.

Compared to the control group, the proportions of mature
B cells and mature CD8 T cells in the ASCI group decreased,
indicating suppressed peripheral immune function. On the other
hand, M2 macrophage levels were elevated in ASCI patients,
indicating altered polarization tendencies among peripheral
macrophages. Macrophage polarization is unstable and may
be affected by various factors ( ).
The cuproptosis-related gene DLD has been implicated in
immunity by several studies. Pseudomonas aeruginosa virulence
may be influenced by DLD, which is a complement-regulatory
). Another study
indicated that DLD was an autoantibody target in patients

protein-binding protein (
with endometrial cancer ( ). Consequently,
we propose a hypothesis that DLD following ASCI facilitates
copper binding to lipidated components of the TCA cycle in
peripheral blood, promoting copper-induced cell death. As a result,
the immune microenvironment is disrupted, and macrophage
polarization is altered, exacerbating SCI-IDS and ultimately
worsening ASCI. Further analysis revealed that M2 macrophage
was highly expressed in ASCI-high patients, adversely affecting
their prognosis. ASIA grading and M2 macrophage levels were
significantly positively correlated with DLD expression levels in
ASCI patients. Consequently, high levels of DLD after ASCI
likely contribute to macrophage polarization and a poor prognosis
for ASCI patients. Several studies have demonstrated that M2
macrophage secretes suppressive cytokines to downregulate the
immune response, a process that further exacerbates SCI-IDS
( ;
that our hypothesis is correct. In addition, we found that DLD

). Thus, we can conclude

has potential as a therapeutic target for ASCI. A previous study
identified three clinical phenotypes with different risks of death
among hyperchloremia patients, allowing for precise treatment
based on the patients clinical characteristics (

). ( ) divided hospitalized
patients with acute kidney injury into four groups with different
mortality risks, based on which adjuvant therapies were available
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( ). To determine the applicability of
DLD as a potential therapeutic target for ASCI, we identified two
molecular subtypes associated with cuproptosis in ASCI patients
and calculated the correlation between DLD expression levels
and the two ASCI subtypes (Clusterl and Cluster2). We found
that DLD was significantly positively correlated with both ASCI
subtypes Clusterl and Cluster2, indicating that DLD may be a
therapeutic target for ASCI in general.

Our study has multiple strengths. This is the first study to
describe the effects of CRGs on the immune microenvironment
of ASCI patients. Research on the immune microenvironment
and cell death is an important component of SCI research, and
programmed cell death is considered a key process in post-SCI
recovery ( ; ; )-
Cuproptosis is a novel type of mitochondrial respiration-dependent
metal ion cell death that differs from ferroptosis (

). It may be possible to develop new treatments for spinal cord
injury due to this unusual mechanism. Furthermore, in contrast
to most diagnostic models that focus primarily on ASCI disease
states, our work also considers neurological function. The majority
of current clinical prediction models use linear architecture but do
not take the interference of multicollinearity into consideration.
We used the variance inflation factor to eliminate the problem
of multicollinearity in logistic regressions. Additionally, we used
a more flexible neural network model to predict neurological
function in ASCI patients, which not only had a high recall rate
and a high goodness of fit but also could be continually evolved.

However, our study also has some limitations. First, this
research relies heavily on bioinformatics analysis, and it needs
more validation through both animal experiments and clinical
trials. Second, in the case of human peripheral blood leukocyte
gene chips, the volume of collected tissue samples is relatively
small. Third, the generalizability of the clinical diagnostic model
lacks external validation from patients at other medical centers.
Although the clinical prediction model constructed in this study
showed reasonable robustness (AUC of 0.757 for the validation
set ROC curve), the detection ability of the deep learning model
must be improved through the integration of a large amount
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of data. Finally, due to the heterogeneity of ASCI, not all ASCI
patients exhibit significant peripheral immunosuppression, and
further subgroup analyses should consider additional immune
profiles of ASCI patients.

5. Conclusion

In conclusion, our study highlights DLD’s potential as a
biomarker and therapeutic target for ASCI, and its association
with M2 macrophage levels affecting patient prognosis. We
developed a clinical prediction model and a neural network
model for better diagnosis and treatment. Despite limitations,
our findings emphasize the significance of metabolic pathways
and the immune microenvironment in ASCI, encouraging further
research on this topic.
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