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Abstract
Background: Recent studies have shown the association between Alzheimer’s disease (AD) and
in�ammation. Pyroptosis is an in�ammatory type of programmed cell death, and it has been associated
with AD. Herein, we aimed to explore the potential role of pyroptosis-related genes in AD, advancing the
understanding of pyroptosis-related genes in AD pathogenesis.

Methods: Based on the gene expression pro�le in GSE5281, we screened for differentially expressed
genes (DEGs), performed a weighted gene correlation analysis (WGCNA), and identi�ed the most AD-
related module. After intersecting the hub genes in this module with 52 pyroptosis-related genes, we
obtained the key genes to construct a least absolute shrinkage and selection operator (LASSO) model for
AD. We also constructed a CASP6-focused interaction network including several hub genes. The LASSO
model and expression of CASP6 were evaluated in GSE122063 and GSE132903.

Results: Through WGCNA, four functional modules were identi�ed, of which the brown module is most
signi�cantly related to AD (correlation coe�cient=0.93, P=4e-13). CASP6 is aberrantly highly expressed in
AD and closely connected with hub genes in the brown module. Seven genes (CASP6, BAK1, CASP5,
CHMP4B, CHMP4C, IRF2, PLCG1) were identi�ed as key genes, and the LASSO model based on key genes
can predict AD with medium-to-high accuracy in train, test and validation set (AUC=0.898, 0.811, 0.857,
respectively).

Conclusions: Highly expressed CASP6 interact with other pyroptosis-related genes in AD, shedding light
on the potential role of pyroptosis in AD pathogenesis.

Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative disease worldwide, the incidence and
prevalence of which are expected to increase as the aging process of population accelerates[1, 2].
However, as a multifactorial and complex disease, the exact pathogenesis of AD remains unclear, thus
there being no effective therapeutic strategy to cure the disease[3]. Molecular features include senile
plaques consisting of depositing amyloid beta peptides (Aβ), neuro�brillary tangles consisting of
hyperphosphorylated tau protein[4, 5]. Recent studies revealed elevated levels of pro-in�ammatory
cytokines may contribute to AD, suggesting AD as a systematic in�ammatory disease[6-8].

Pyroptosis is an in�ammatory type of programmed cell death, characterized by caspases activation,
gasdermin D (GSDMD) cleavage and pro-in�ammatory mediators release[9, 10]. Studies have shown the
potential relationship between pyroptosis and AD[11]. For example, caspase-6 (CASP6) plays a key role in
pyroptosis.As a member of caspase family, CASP6 is categorized as an executioner but shows some
differences the other executioners, aberrantly activated at the early stage of AD[12]. Studies have shown
that high expression of CASP6 is related to anxiety behavior and worse memory in AD mice[13].
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However, the role of pyroptosis-related genes in AD remains unclear. Herein, we conducted systematic
bioinformatics analyses to investigate the expression trait of pyroptosis-related genes in AD and
construct a LASSO model for AD based on genes related to both pyroptosis and AD, possibly suggesting
the pathogenesis of AD from pyroptotic perspective.

Results
Identi�cation of DEGs

A total of 3341 differentially expressed genes (DEGs) were identi�ed in AD patients compared to healthy
controls, of which 1878 were upregulated and 1463 were downregulated (Figure 2A). The top 25
upregulated and downregulated DEGs were visualized in a heatmap (Figure 2B).

WGCNA and Analysis of the most AD-Associated Module

Through weighted gene correlation analysis(WGCNA) based on 3341 DEGs identi�ed in AD and control
samples, we identi�ed four modules in total (Figure 3A), of which the brown module is most signi�cantly
related to AD (correlation coe�cient=0.93, P=4e-13; Figure 3B) and was de�ned as the candidate module
of interest. To further analyze this module, we conducted functional enrichment analyses, which were
shown in Figure 4. According to Gene Ontology (GO) analysis, genes in the brown module are
signi�cantly enriched in the immune responses to antigens and the processes of cell proliferation and
homeostasis (Figure 4A and 4B). Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
indicated that brown module genes are involved in the signaling pathways related to cell death, apoptosis
and in�ammation as well as the development of many neurodegenerative diseases, including AD (Figure
4C and 4D).

Identi�cation of Key Genes

According to screening criteria of gene signi�cance(GS)> 0.8 and module membership (MM)> 0.85, 190
hub genes were identi�ed from the brown module. After intersecting them with pyroptosis-related genes,
we �nally obtained seven key genes (CASP6, BAK1, CASP5, CHMP4B, CHMP4C, IRF2, PLCG1) for the
construction of predictive model for AD (Figure 5A). As shown in Figure 5B, there was a connection
between the expression levels of these key genes, indicating the potential interaction among them. By
referring to the literature, we focused on CASP6 to further explore the association between pyroptosis and
AD[12, 13]. There were 149 DEGs screened in CASP6-high samples compared to CASP6-low samples,
consisting of 92 upregulated genes and 57 downregulated ones (Figure 5C). Moreover, we uncovered 135
overlapping genes after crossing themwith DEGsidenti�ed in AD patients compared to healthy controls
(Figure 5D), indicating some DEGs related to the expression of CASP6 are also associated with AD.

Validation of CASP6 Expression and Construction of CASP6-focused Interaction Network
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To validate the expression level of CASP6 in AD patients and healthy controls, we investigated the
expression pro�le of CASP6 in GSE122063 (Figure 6B) and GSE132903 (Figure 6C), noticing that, similar
to the trend in GSE5281 (Figure 6A), CASP6 was signi�cantly upregulated in AD patients than healthy
controls (all P <0.001), which indicated the association between CASP6 and AD[18]. Furthermore, we
constructed the CASP6-focused interaction network based on the hub genes interacted with CASP6
(Figure 7A and 7B). Functional enrichment analyses showed that these genes were signi�cantly involved
in apoptosis, development and homeostasis of neurons (Figure 7C and 7D), suggesting the potential role
of CASP6 in AD, possibly by interacting with these hub genes.

Construction and Validation of predictive LASSO model

We selected the seven key genes associated with both AD and pyroptosis to construct a least absolute
shrinkage and selection operator (LASSO) model for AD (Figure 8A). Finally, with the maximum of area
under the curve(AUC) as 0.898 (Figure 8B), �ve genes were included in the model formula with non-zero
coe�cients, which were listed in Table 1. According to receiver operating characteristic (ROC) analyses,
the AUC value of this model was 0.811 in the test set (Figure 8C) and 0.857 in the validation set (Figure
8D), suggesting our pyroptosis-related LASSO model as a predictive biomarker for AD.

Table1. Five pyroptosis-related genes included in the LASSO model for AD.

Gene Coe�cient

CASP6 1.47826822842227

PLCG1 0.844799998060399

IRF2 0.0605103126266471

CASP5 -0.19850370527142

CHMP4B -0.407690009907354

(Intercept) -12.0503859698135

 

Discussion
AD is the most common neurodegenerative disease, the incidence and prevalence of which are expected
to increase as the aging process of population accelerates[1, 2]. Emerging studies have shown excessive
in�ammatory activation as well as pyroptosis, the in�ammation-associated programmed cell death,
contributes to neurodegenerative diseases including AD[11]. Therefore, we further investigated the
underlying role of pyroptosis-related genes in AD by bioinformatic analyses.
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First, we screened for DEGs in based on the difference in the state of disease, the results of which are
similar to related studies[19, 20]. Conducting WGCNA, we identi�ed the module most signi�cantly related to
AD, and obtained 190 potential hub genes according to GS > 0.8 and MM > 0.85. After intersecting hub
genes with pyroptosis-related genes, we �nally identi�ed seven closely connected key genes, including
CASP6, BAK1, CASP5, CHMP4B, CHMP4C, IRF2, PLCG1.

We further extracted the expression pro�le of these key genes to construct a LASSO model, which
contains �ve genes (CASP6, CASP5, CHMP4B, IRF2 and PLCG1) with non-zero coe�cients. CASP6 has
been linked to pyroptosis, serving as a crucial enhancer of the pyroptotic pathway[21-23]. We identi�ed
DEGs according to the expression level of CASP6, �nding there are overlapping DEGs identi�ed from
different CASP6 levels and AD. In addition, we investigated and veri�ed the expression trait of CASP6 in
three datasets, �nding that CASP6 is consistently upregulated in AD patients compared to healthy
controls, which indicates that high expression of CASP6 may contribute to the development of AD. This is
consistent with previous studies[13, 24, 25]. Angel et al. [13]found that compared to controls, CASP6-
knocked-out AD mice had a signi�cant decrease in Aβ and proin�ammatory cytokines TNF-α, together
with ameliorated microglia activity and improved AD symptoms, which indicates CASP6 may contribute
to AD through in�ammation. Similarly, Klaiman et al.[25]also found that neuritic activation of CASP6 may
disrupt the neural cytoskeleton network and normal function, aggravating neurodegeneration.
Additionally, the CASP6-focused interaction network based on seven hub genes suggests that CASP6
interacts with genes involved in the development and homeostasis of nervous system, which further
supports the potential role of CASP6 in AD, possibly by interacting with hub genes.

Apart from CASP6, some of the other pyroptosis-related genes have been linked to AD. For instance,
phospholipase Cγ1 (PLCG1) plays a key role in intracellular signal transduction[26] and is involved in
several neurological disorders[27-31]. In AD, PLCG1 was signi�cantly reduced[32],and possible mechanisms
are mainly based on the tau hypothesis[33]. Tangled tau disrupts the normal function of neurons,
contributing to memory loss and other symptoms of AD[34, 35]. PLCG1 binds to tau via its SH3 domain,
indicating its indirect association with AD[36, 37]. More recently, Kim et al.[38]found single -nucleotide
variations of AD mice were mainly distributed in the PLCG1 gene body, further suggesting the potential of
PLCG1 in AD. Interferon regulatory factor 2 (IRF2) regulates the interferon system along with TRIM22 and
STAT1[39, 40]. According to Ahmed et al.[41], SARS-CoV-2-induced exosomes contain several transcriptional
factors, including IRF2, which may dysregulate the gene network of neurons, attenuating
neurodegeneration. What’s more, IRF2 also regulates CASP4 levels and activates GSDMD, facilitating
cytosolic LPS-mediated pyroptosis[42, 43]. This indicates the possible pyroptotic mechanism of IRF2 in AD.
The LASSO model we constructed may serve as a biomarker of AD, and the �ve pyroptosis-related genes
included shed light on the potential mechanisms of AD from the pyroptosis perspective.

Functional enrichment analyses showed that the most signi�cantly AD-related module highly involved in
the biological processes linked to immune responses to antigens, cell proliferation and homeostasis, and
in the signaling pathways related to cell death, apoptosis, in�ammation and many neurodegenerative
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diseases including AD. As members of programmed cell death, pyroptosis and apoptosis were identi�ed
with crosstalk and co-regulation pathways[44, 45]. Zheng et al.[21-23] raised the term PANoptosis (a
combination of pyroptosis, apoptosis and necroptosis), indicating these types of cell death is coordinated
and co-regulated by a multiprotein complex named PANoptosome, which contains RIPK3, ZBP1 and
NLRP3 in�ammasome. CASP6 can bind to RIPK3, enhancing the interaction between RIPK3 and ZBP1,
facilitating the formation of ZBP1-NLRP3 in�ammasome and the process of PANoptosis signi�cantly[21-

23]. Taking together the signaling pathways enriched in CASP6-focused interaction network, our data
suggested the potential pyroptosis-related pathogenesis of AD.

Our study suggested the underlying mechanisms of pyroptosis in AD by identifying key molecules and
constructing LASSO model related to pyroptosis. However, in vivo and in vitro experiments are required to
further con�rm the potential key genes and pathways.

Conclusions
Collectively, CASP6 and six other pyroptosis-related genes may be involved in the development of AD. A
�ve-gene LASSO model, including CASP6, CASP5, CHMP4B, IRF2 and PLCG1, may serve as a biomarker
for AD. Our data suggested the underlying mechanism of AD from the pyroptotic perspective.

Materials And Methods
Data Acquisition

Three datasets (GSE5281, GSE122063 and GSE132903), which contain the gene expression pro�le of AD
patients and healthy controls, were downloaded from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) to conduct the following processes illustrated in Figure 1. GSE5281,
including 87 AD patients and 74 healthy controls’ brain tissue samples, was used to explore the potential
role of CASP6 and other pyroptosis genes in AD. GSE122063 contains the gene expression of 56 AD
patients and 44 healthy controls, and GSE132903 includes the gene expression of 97 AD patients and 98
healthy controls, which were both used for the veri�cation of the pyroptosis-gene-based model as well as
the differential expression of CASP6 in AD.

Screening for DEGs in AD

Using the R package “limma”[14], we screened the DEGs (adjusted P<0.05 and |log2 fold change (FC)| ≥1)
between AD and control, as well as between CASP6-high and CASP6-low in GSE5281. The median
expression level of CASP6 was de�ned as the cutoff point.

Construction of Co-Expression Network

By the R package “WGCNA”[15], we constructed the co-expression network of the DEGs in GSE5281. The
soft-threshold power value was calculated during the process by the pickSoftThreshold function.
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Candidate power ranged from 1 to 20, and we chose the power value when the correlation coe�cient
threshold reached 0.9. The cut height threshold was de�ned as 0.2 for the merging of similar modules.
We �nally chose the module with the highest correlation coe�cient, which is most associated to AD, for
further analysis.

Functional Enrichment Analysis

Utilizing the R package “clusterpro�ler”[16], we conducted GO and KEGG analyses to further explore the
signi�cant (P<0.05) pathways of DEGs in the most AD-related module. The R packages “ggplot2” and
“enrichplot” were used to visualize the top 10 terms of molecular functions, cellular components and
biological processes.

Identi�cation of Key Genes

DEGs in the candidate module with GS>0.8 andMM>0.85 were considered as hub genes. By searching the
published literature, we collected 52 pyroptosis-related genes (listed in the Supplementary Table). After
intersecting them with the hub genes, we �nally uncovered the key genes of interest. The R package
“corrplot” was used to visualize the correlation among these key genes.

Validation of CASP6 Expression and Construction of CASP6-focused Interaction Network

Expression level of CASP6 was evaluated in GSE5281, GSE122063 and GSE132903. The comparison
result was visualized with the R package “ggpubr”. In addition, we explored the hub genes which interact
with CASP6 (con�dence score>0.7) using the STRING database (https://string-db.org)[17] and visualized
the interactions using Cytoscape3.9.0 software. We also performed functional enrichment analyses for
CASP6 and its interacted hub genes by the R package “clusterpro�ler”[16].

Construction and Validation of a LASSO Model

In order to explore the potential correlation between the pyroptosis-related key genes selected and AD, a
LASSO model was constructed with the R package “glmnet” (https://CRAN.R-
project.org/package=glmnet). Considering GSE5281 as the train set, we obtained the coe�cients to
weight the key genes included in the formula and then tested this model in GSE132903. In addition,
GSE122603 was utilized for further validation. With the R package “pROC”, we plotted the ROC curves
and calculated the values of AUC to evaluate the LASSO model aiming to distinguish AD patients to
healthy controls.

Abbreviations
AD: Alzheimer’s disease

DEG: differentially expressed gene
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WGCNA: weighted gene correlation analysis

LASSO: least absolute shrinkage and selection operator

GSDMD: gasdermin D

CASP6: caspase-6

GO: Gene Ontology

KEGG:Kyoto Encyclopedia of Genes and Genomes

GS:gene signi�cance

MM:module membership

AUC:area under the curve

ROC:receiver operating characteristic

PLCG1: phospholipase Cγ1

GEO: Gene Expression Omnibus
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Figure 1

Work�ow of the present study.



Page 14/19

Figure 2

Differentially expressed genes (DEGs) analysis. (A) Volcano plot of AD VS control, red represents up-
regulated genes, green represents down-regulated genes, and black represents insigni�cantly
differentially expressed genes. (B) Heatmap of 25 most up-regulated and 25 most down-regulated genes. 
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Figure 3

Weighted gene correlation analysis. (A) Analysis of the scale-free �t index (Left) and mean connectivity
(Right) for candidate soft threshold powers. (B) Heatmap of the correlation between modules and AD.
Each cell contained the correlation coe�cient and corresponding P value. (C) Clustering dendrogram of
DEGs related to AD. (D) Scatter plot of genes in brown module.

Figure 4

Functional enrichment analysis of DEGs in the brown module. (A) Bar chart of the top 30 enriched GO
annotations, ordered by P value. (B) Bubble chart of the top 30 enriched GO annotations, ordered by count
of genes. (C) Bar chart of the top 30 enriched KEGG pathways, ordered by P value. (D) Bubble chart of the
top 30 enriched KEGG pathways, ordered by count of genes.
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Figure 5

Intersection results of DEGs in brown module and pyroptosis-related genes. (A) Venn diagram of DEGs in
the brown module and pyroptosis-related genes. (B) Correlations between seven overlapping pyroptosis-
related genes. (C) Volcano plot of CASP6-high VS CASP6-low, red represents up-regulated genes, green
represents down-regulated genes, and black represents insigni�cantly differentially expressed genes. (D)
Venn diagram of DEGs from AD VS control and CASP6-high VS CASP6-low.
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Figure 6

Identi�cation and veri�cation of differential expression of CASP6 in AD VS control. CASP6 is up-regulated
in AD compared to controls in GSE5281 (A), GSE122063 (B), and GSE132903 (C).
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Figure 7

Interaction and functional enrichment analysis of CASP6 and seven hub genes. (A) protein-protein
interaction (PPI) networks of CASP6 and seven hub genes, red represents up-regulated genes and blue
represents down-regulated genes. (B) The most signi�cant module from the previous PPI network. (C) Bar
chart of enriched GO annotations for CASP6 and seven hub genes, ordered by P value. (D) Bar chart of
enriched KEGG pathways for CASP6 and seven hub genes, ordered by P value.

Figure 8
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Construction of a key-gene-based LASSO model for AD.(A) LASSO regression of the seven key genes. (B)
ROC curve of train set (GSE5281). (C) ROC curve of test set (GSE132903). (D) ROC curve of validation set
(GSE122063).


