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Introduction: Alzheimer’s disease (AD) is the most common type of dementia,
and there is growing evidence suggesting that ferroptosis is involved in its
pathogenesis. In this study, we aimed to investigate the key ferroptosis-related
genes in AD and identify a novel ferroptosis-related gene diagnosis model for
patients with AD.

Materials and methods: We extracted the human blood and hippocampus
gene expression data of five datasets (GSE63060, GSE63061, GSE97760,
GSE48350, and GSE5281) in the Gene Expression Omnibus database as
well as the ferroptosis-related genes from FerrDb. Differentially expressed
ferroptosis-related genes were screened by random forest classifier, and were
further used to construct a diagnostic model of AD using an artificial neural
network. The patterns of immune infiltration in the peripheral immune system
of AD were also investigated using the CIBERSORT algorithm.

Results: We first screened and identified 12 ferroptosis-related genes (ATGS3,
BNIP3, DDIT3, FH, GABARAPL1, MAPK14, SOCS1, SP1, STAT3, TNFAIP3, UBC,
and ULK) via a random forest classifier, which was differentially expressed
between the AD and normal control groups. Based on the 12 hub genes,
we successfully constructed a satisfactory diagnostic model for differentiating
AD patients from normal controls using an artificial neural network and
validated its diagnostic efficacy in several external datasets. Further, the key
ferroptosis-related genes were found to be strongly correlated to immune
cells infiltration in AD.

Conclusion: We successfully identified 12 ferroptosis-related genes and
established a novel diagnostic model of significant predictive value for AD.
These results may help understand the role of ferroptosis in AD pathogenesis
and provide promising therapeutic strategies for patients with AD.

Alzheimer’s disease, ferroptosis, GEO, diagnosis, immune infiltration
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Introduction

Dementia is a group of symptoms impacting memory,
thinking, and behavior, affecting more than 55 million people
worldwide; Alzheimer’s disease (AD) is the most common and
well-known type of dementia, accounting for 60-80% of all
cases, resulting in a considerable burden to society (Alzheimer’s
Disease International, 2021). AD is characterized pathologically
by amyloid-B (AB) plaques aggregation and tau neurofibrillary
tangles accumulation. Recent studies have also indicated the
crucial roles of oxidative stress (Butterfield and Boyd-Kimball,
2018), autophagy (Uddin et al., 2018), and neuroinflammation
(Heneka et al, 2015) in the pathological mechanism of AD.
However, despite decades of research, the precise mechanism of
AD remains uncertain.

Meanwhile, the diagnosis and effective treatments for AD
are challenging. The hippocampus, which is the center of
memory, thinking and learning in the brain, is thought to
be closely associated with the development of AD (Lazarov
and Hollands, 2016). Although many imaging methods are in
great interest for hippocampal analysis, the accurate diagnosis
rely on biopsy, which is difficult to perform in the clinic.
Although several novel biomarkers in cerebrospinal fluid,
including amyloid-b (AB42), total tau, and phosphorylated tau,
have been recommended for the diagnosis of AD, reflecting
favorable diagnostic accuracy (Olsson et al,, 2016); they were
limited to the large-scale clinical screening application due to
the invasive collection process and high cost. Thus, determining
peripheral blood-based biomarkers, which is non-invasive and
cost-effective, has become a promising research direction in
AD (Olsson et al, 2016; Tang and Liu, 2019). Notably,
previous studies have highlighted that multiple genes could
also concerned within the pathogenesis and various biological
activities of AD. Trying to find common genes differentially
expressed in the peripheral blood cells and brain tissue is one
of the most interesting aspects of investigating AD, while several
studies have stressed that the expression of some genes from the
peripheral blood might be related to the pathological change in
AD patients’ brain tissue (Yu et al,, 2021; Wang et al,, 2022).
Therefore, a comprehensive investigation of the transcriptomics
characteristics and establishment of a diagnostic model based
on the peripheral blood may help understand the underlying
pathogenesis and diagnosis of AD.

Ferroptosis is a newly discovered type of regulated cell
death characterized by iron-dependent lipid peroxidation; it
has attracted growing attention in recent years (Dixon et al.,
2012). Numerous studies have illustrated that ferroptosis plays
a pivotal role in the mechanisms of cancer, tumor immunity,
and ischemic disease. However, few studies focus on its role in
neurodegenerative diseases, especially in AD (Yan et al., 2021).

Abbreviations: AD, Alzheimer's disease; ROC, receiver operating
characteristic; AUC, area under curve; DEGs, differentially expressed
genes; PPI, protein-protein interaction.
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Recently, the evidence of iron elevation and lipid peroxidation
products in the AD brain implicates the role of ferroptosis in
the pathogenesis of AD. Growing proof suggests that ferroptosis
potentially participates within the pathogenesis of AD and may
promise a promising therapeutic target for AD (Chen et al,
2021; Zhang et al,, 2021). While several prior reviews have
mainly focused on discussing how ferroptosis participates in
the AD (Jakaria et al, 2021; Majernikova et al, 2021) and
investigating whether ferroptosis as a drug target of AD is
effective in delaying the progression of AD (Vitalakumar et al,,
2021). To our knowledge, there have been no studies reporting
the relationship between ferroptosis genes in peripheral blood
and AD. In this study, we aimed to conduct a bioinformatics
analysis using human blood gene expression data from the
Gene Expression Omnibus database to identify the differential
ferroptosis-related genes in AD and build a ferroptosis-related
gene diagnosis model of AD.

Materials and methods

Data sources

Figure 1 shows the flow chart of our study. The mRNA
expression files of patients with AD were downloaded from five
datasets in the Gene Expression Omnibus database, including
three peripheral blood datasets (GSE63060, GSE63061, and
GSE97760) and two hippocampus datasets (GSE48350 and
GSE5281) (Berchtold et al., 2013; Naughton et al., 2015; Sood
et al,, 2015; Readhead et al,, 2018). Detailed info concerning
these datasets is summarized in Table 1. Meanwhile, 259
ferroptosis-related genes were extracted and analyzed from the
Ferroptosis database (Supplementary Table 1).!

Identification of candidate
ferroptosis-related genes

Differentially expressed genes (DEGs) between normal
control and AD samples in GSE63060 were determined
using the “limma” R package (Ritchie et al, 2015) (adjusted
p value < 0.05) and visualized using heatmaps. Then we
intersected these DEGs with ferroptosis-related genes to identify
candidate ferroptosis-related genes.

Analysis of differential
ferroptosis-related genes

The “Metascape” website (Zhou et al, 2019), Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes

1 http://zhounan.org/ferrdb
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FIGURE 1
The flow chart of this study.
TABLE 1 Detailed information of the included datasets.
Dataset Platform Normal control AD sample Resource
sample
GSE63060 GPL6947 (Illumina HumanHT-12 V3.0 104 145 Peripheral blood
expression beadchip)
GSE63061 GPL10558 (Illumina HumanHT-12 V4.0 134 139 Peripheral blood
expression beadchip)
GSE97760 GPL16699 [Agilent-039494 SurePrint G3 9 10 Peripheral blood
Human GE v2 8 x 60 K Microarray 039381
(Feature Number version)]
GSE48350 GPL570 [(HG-U133_Plus_2) Affymetrix 42 19 Hippocampus
Human Genome U133 Plus 2.0 Array]
GSE5281 GPL570 [(HG-U133_Plus_2) Affymetrix 13 10 Hippocampus

Human Genome U133 Plus 2.0 Array]

AD, Alzheimer’s disease.

analysis by the “clusterProfiler” R package (Yu et al,
2012) were used for the functional enrichment analyses
of differential ferroptosis-related genes. Additionally, the
STRING database? (Szklarczyk et al, 2015) was used to
establish a protein-protein interaction (PPI) network of the
ferroptosis DEGs.

2 http://string-db.org/
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Development of the random forest and
neural network model

We first used the GSE63060 dataset as the training cohort
to construct a random forest model via the randomForest
R package (Alderden et al, 2018). The genes with an
importance value greater than 2 and ranked in the top 12
were chosen as the disease specific genes for the subsequent
model construction. Then, we used the neuralnet R package

frontiersin.org
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(Beck, 2018) for constructing an artificial neural network model
of the pivotal ferroptosis-related genes. Five hidden layers
were set as the model parameters to construct a classification
model of AD through the obtained gene weight information.
The classification score of the obtained disease neural
network model was calculated using the following formula:
> Gene Expression * Neural Network Weight.
The receiver operating characteristic (ROC) curves with

neuroAD

area under curve (AUC) values were used to estimate the
predicted performance of the model to classify the AD
and the normal samples. The classification efficacy was then
external validated using four independent datasets: GSE63061,
GSE97760, GSE48350, and GSE5281.

Exploration of immune cell infiltration

The CIBERSORT algorithm (Chen et al., 2018) was carried
out to quantify the relative abundance of 22 types of infiltrating
immune cells in the AD and normal-aging samples, and p < 0.05
was regarded as statistically significant. Correlations between
the targeted ferroptosis-related genes and immune cells were
evaluated using the Wilcoxon rank-sum test and Spearman
correlation analysis.

Statistical analysis

All analyses were performed using R v.4.0.3.5 The Wilcoxon
rank-sum test was used to compare two groups, and the

3 http://www.R-project.org
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correlations were determined using Spearman correlation
analysis. Statistical significance was set at a two-tailed
p-value < 0.05.

Results

Detection of ferroptosis differentially
expressed genes

The GSE63060 dataset contained 104 normal control and
145 AD peripheral blood samples. Notably, 2,795 DEGs between
the normal control and AD samples were first screened
(Supplementary Table 2), and the high fifty upregulated and
downregulated DEGs are listed in Figure 2A. By intersecting
these DEGs and 259 ferroptosis-related genes, 46 overlapping
ferroptosis DEGs (34 upregulated and 12 downregulated) were
further obtained (Figure 2B and Supplementary Table 3).

Functional enrichment analysis

A total of 46 DEGs were first uploaded to the Metascape
online tool to investigate the potential biological process
and pathway. We found that these genes were remarkably
enriched in Ferroptosis, autophagy of mitochondrion, positive
regulation of catabolic processes, regulation of autophagy,
regulation of generation of precursor metabolites and energy,
necroptosis, positive regulation of protein catabolic process,
and regulation of reactive oxygen species metabolic process
(Figure 3). Furthermore, Gene Ontology (GO) analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

4
c
™

DEGs Ferroptosis-related genes

Identification of hub ferroptosis-related genes. (A) Heatmap for the top 50 upregulated and downregulated DEGs. (B) Venn diagram showing
candidate ferroptosis-related genes. DEGs, differentially expressed genes.
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analysis similarly revealed that these ferroptosis-related genes
were significantly enriched in ferroptosis, autophagy, response
to oxidative stress, TNF signaling pathway, and IL-17 signaling
pathway (Figure 4).

Construction and external validation of
a ferroptosis-related gene diagnostic
model

To further identify the candidate hub genes among
these differential ferroptosis-related genes, the PPI interaction
network was constructed (Figure 5A). Figure 5B depicts the
top 20 hub genes, ranked according to their connectedness
in the PPI network. Next, we input the 20 DEGs into the
random forest classifier to further identify 12 critical genes,
including ATG3, BNIP3, DDIT3, FH, GABARAPLI, MAPK14,
SOCS1, SP1, STAT3, TNFAIP3, UBC, and ULKI. The relative
expression levels of the 12 hub genes differed significantly
between AD and normal control based on GSE63060 data
(Figure 6). Subsequently, we constructed an artificial neural
network model for classifying the normal control and AD
samples based on the 12 genes, with the settings of 12 input
layers, five hidden layers, and two output layers (Figure 7A).
The receiver operating characteristic curves showed that the
model accurately classified AD samples and normal controls in
peripheral blood tissues, and the AUC was 0.902 (Figure 7B).
The detailed classification of each sample as predicted by the
model is presented in Supplementary Table 4. Additionally,
to addition assess whether or not this model is worth using
in clinical practice, we externally tested our model on four
independent datasets. In the two peripheral blood datasets,
GSE63061 (normal controls = 134, AD = 139), GSE97760
(normal controls = 9, AD = 10), the AUC was 0.869 and 0.933,
respectively (Figures 7C,D). Simultaneously, Figures 7E,F
show the receiver operating characteristic curves verified by
two hippocampus datasets, GSE48350 (normal controls = 42,
AD = 19) and GSE5281 (normal controls = 13, AD = 10). The
AUC were 0.996 and 0.900, respectively. These results indicate
that our model classification performance was robust and stable.

Analysis of immune cell infiltration

In particular, we comprehensively investigated the immune
cell infiltration characteristics in the peripheral blood of normal
control and AD patients. Figures 8A,B display the 22 distinct
infiltrated immune cells. Besides, we found that the fractions
of 10 types of immune cells differed significantly between
normal and AD samples. Among them, naive CD4 T cells,
regulatory T cells (Tregs), resting NK cells, MO macrophages,
and activated mast cells were highly infiltrated in the AD
group. In contrast, monocytes and M2 macrophages were
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significantly lower in the patients in the AD group. However,
resting memory CD4 T cells, resting mast cells, and gamma
delta T cells were finally excluded due to the significantly
lower proportions in all samples (Figure 8C). By combining
difference and correlation analyses, we found that several types
of immune cells, especially CD4 T cells, monocytes, and NK
cells were strikingly associated with almost all the 12 ferroptosis-
related genes (Supplementary Figures 1, 2 and Supplementary
Table 5). These findings suggested that these ferroptosis-related
genes may have immunomodulatory roles in the AD.

Discussion

that
nonapoptotic, iron-dependent, and lipid peroxidation-driven

Accumulating evidence suggests ferroptosis, a
type of programmed cell death, plays a important role within the
pathologic process of AD (Sood et al., 2015; Chen et al,, 2021;
Zhang et al., 2021). Researchers have expended significant effort
to elucidate the possible mechanism of ferroptosis involved in
the pathological process of AD and to exploit its promising
potential clinical application in AD (Majernikova et al., 2021).
However, the relationship between ferroptosis-related genes
and AD remains unclear. This study systematically screened
and determined 12 ferroptosis-related genes, comprehensively
explored the association between ferroptosis-related genes and
AD, and constructed a reliable diagnostic model for AD.
Several pivotal biological pathways of ferroptosis have
been reported in AD pathology, such as iron dyshomeostasis,
oxidative stress and lipid peroxidation, and the reduced
glutathione (GSH) and glutathione peroxidase (GPX4) levels
(Ashraf et al,, 2020). Some revealed differentially expressed
ferroptosis-related genes in AD can affect mostly neurons,
contributing to tau phosphorylation and Ap accumulation, such
as acyl-CoA synthetase long-chain family member (ACSL4)
and GPX4, which were tightly related to lipid peroxidation
of ferroptosis (Ashraf et al, 2020; Kim et al,, 2021). In our
study, the differentially expressed ferroptosis-related genes were
primarily associated with the response to oxidative stress,
indicating one of the possible mechanisms of these genes
involved in AD. Meanwhile, we noticed that the autophagy
pathway was also actively enriched in the functional analysis,
uncovering the close connection between ferroptosis and
autophagy, which was also pointed out in a previous study
(Zhou et al.,, 2020). Besides, studies supported that the TNF
signaling pathway and IL-17 signaling pathway can also play
crucial roles in the ferroptosis in AD, consistent with our
findings (Fischer and Maier, 2015; Milovanovic et al., 2020).
Among the 12 ferroptosis-related genes included in the
diagnostic model, autophagy-related genes 3 (ATG3) is one
of the key genes involved in autophagy, which can also
contribute to ferroptotic cell death (Zhou et al, 2020). The
expression and modification of ATG3 play important roles in
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erastin-induced ferritin degradation, iron accumulation and
lipid peroxidation, as well as subsequent ferroptosis (Hou
et al,, 2016). Bcl-2/adenovirus E1B 19-kDa interacting protein
(BNIP3) is a death inducing mitochondrial protein that is a
member of the Bcl-2 family without a functional BH3 domain,
has been suggested affect AB-induced neuronal death in AD
(Zhang et al., 2007). Researchers have noticed that GABARAPLI
can confer an affinity for several mutated proteins that form
aggregates in neurodegenerative diseases, and the degradation
of GABARAPLI can induce these neurodegenerative diseases
to progress, further suggesting the importance of GABARAPLI
in the prevention of neurodegenerative diseases (Simunovic
et al,, 2009; Le Grand et al, 2011). Mitogen-activated protein
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kinase 14 (MAPKI4), a modulator of the innate immune system,
has been found significantly upregulated in a mouse model
of AD, leading to the increased BACEL levels and plaque
formation (Alam and Scheper, 2016). The activation of the
MAPK signaling pathway was also indicated to be involved
in ferroptosis in the AD pathological process (Kheiri et al,
2018). The MAPK14 expression can be inhibited by miR-22-3p
overexpression, thereby reducing of A deposit and alleviating
AD symptoms (Ji et al., 2019). Silencing of cytokine signaling
factor 1 (SOCS1) plays a significant role in immune reaction by
modulating several cytokines, inducing the neuroinflammation
alteration in AD (Guo et al,, 2021). Citron et al. reported that
specificity protein 1 (SP1) was overexpressed in the brains of
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human and transgenic AD model mice, which can positively
modulate the expression levels of several AD-related proteins,
including amyloid precursor protein and tau. Therefore, it can
serve as a potential therapeutic target (Citron et al,, 2008, 2015).
Signal transducer and activator of transcription 3 (STAT3)
was demonstrated to be associated with BACEIL levels and
neuroinflammation in AD (Reichenbach et al., 2019). Inhibition
of STAT3 can reduce LPS-induced microglial activation and
the levels of cytokines IL-6, IL-1B, and TNF-a in the AD
hippocampus (Millot et al., 2020). TNF alpha-induced protein
3 (TNFAIP3) is an anti-inflammatory factor that can improve
cell survival by inhibiting the expression of inflammatory NF-kB
signaling (Catrysse et al., 2014). Previous studies have reported
that TNFAIP3 overexpression can promote oxygen-free radical
generation and ferroptosis and may relate to neurodegenerative
diseases, such as multiple sclerosis and Parkinson’s disease
(Perga et al,, 2017; Xiao et al,, 2019). Ubiquitin C (UBC) is an
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essential source of ubiquitin in the process of cell proliferation
and stress. It has been found that the ubiquitin proteasome
system (UPS) play a crucial role in the pathogenesis of AD, as
the existence of Ub immunoreactivity in AD-linked neuronal
inclusions, including neurofibrillary tangles, is observed in
all types of AD cases, and targeted treatment at the main
components of these pathways has a great perspective in
advancing new therapeutic interventions for AD (Al Mamun
etal, 2020). All these findings probably offer promising research
direction for AD in the future. Although the remaining three
ferroptosis-related genes had been primarily reported to be
involved in cancer, their detail role in AD is unclear. Thus,
further research is warranted to explore it.

It
responsible for the pathogenic process in AD, and the

is currently believed that neuroinflammation is

peripheral immune cells similarly participated in the course
(Heneka et al., 2015). Strong inflammatory reactions mediated
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by resident brain cells and peripheral immune cells, which the infiltration of immune cells in AD. In the present study,
infiltrate the brain at various stages of disease progression, were we noticed that the abnormal distribution of the peripheral
found in AD patients’ brain. As the immune and inflammatory immune cells in AD. Among these immune cells, CD4 T cells
environment in the peripheral blood change, the metabolism, were more infiltrated in AD samples than controls, similar to
signaling, and biological process in brain tissue also change a recent study (Xu and Jia, 2021). Lueg et al. (2015) revealed
(Olsen and Singhrao, 2016). Therefore, we thoroughly analyzed that an increased proportion of CD4 T cells in peripheral blood
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is positively correlated with cognitive defects and magnetic reactions in middle-aged people can increase the risk of AD.
resonance imaging changes of specific brain regions in AD These findings suggest the disturbance of immune infiltration
patients. Sutphen et al. (2015) reported that severe inflammatory in the peripheral immune system plays a significant role in AD.
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Although immune abnormalities do not necessarily lead to AD, notably differed between the differential expression groups of

we speculate that elderly people with long-term immune system nearly all the 12 ferroptosis-related genes, and were significantly
abnormalities may have a much higher risk of AD than the correlated with the 12 ferroptosis-related genes expression.
normal elderly population. Thus, the treatment or intervention Thus, more studies should be conducted in the future to
of early inflammatory reactions in elderly people may help delay exploit the underlying mechanisms of ferroptosis as well as the
the onset and development of AD. However, our current study link between ferroptosis and inflammation in AD, which can
did not determine abnormal cut-off values of the immune cells, possibly identify new targets for treatment.
and large-sample data comparing normal-aging individuals, Growing evidence indicated that ferroptosis is a potential
therapeutic target for AD (Uddin et al,, 2018; Chen et al,
2021). CMCI121 was found to alleviate cognitive loss by
modulating lipid metabolism and reducing inflammation and
lipid peroxidation via inhibiting the fatty acid synthase
in vitro and in vivo models of AD (Ates et al, 2020).
Chalcones 14a-c was demonstrated as a potential candidate

for AD treatment via simultaneous inhibition of Af and lipid

and patients with mild cognitive impairment or AD are
necessary for future studies. In particular, previous studies also
suggest that the involvement of ferroptosis in the pathological
process of neuroinflammation in AD (Cheng et al., 2021). Here,
we comprehensively detected the association between the 12
ferroptosis-related genes and peripheral immune cells in AD.
Infiltration levels of CD4 T cells, monocytes, and NK cells
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peroxidation (Cong et al., 2019). Additionally, previous studies
have indicated that N-acetylcysteine (NAC) can prevent the
spatial memory impairments by reducing lipid oxidation and
inducing hippocampal total GSH levels in AD animal models,
and the improvement of behavioral symptoms of AD patients
after treatment with NAC was also found in the clinical trial
(Adair et al,, 2001; More et al.,, 2018). These findings suggest
that ferroptosis inhibition could provide a new promising
therapeutic strategy for AD, and large, randomized clinical trials
of anti-ferroptotic drugs in the treatment of AD are warranted.

This study has some limitations. First, our ferroptosis-
related gene diagnostic model was established and validated by
retrospective public data from the Gene Expression Omnibus
database; further independent and prospective cohorts are
required to verify this model. Also, although we enrolled
generally approved ferroptosis-related genes in the FerrDb, it
is necessary to incorporate more newly identified ferroptosis-
related genes. In addition, given the lack of detailed information,
some important clinical characteristics, such as age and
gender, were not integrated into the diagnostic model. Finally,
further experimental validations are needed to identify the
detailed molecular mechanism underlining these ferroptosis-
related genes in AD.

In conclusion, we identified 12 crucial ferroptosis-related
genes and developed a novel diagnostic model for AD, which
showed significant predictive performance. This study may
be useful in understanding the molecular mechanisms of
ferroptosis involved in AD pathogenesis and in investigating the
optimal therapeutic strategies for patients with AD.
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