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Abstract: Alzheimer’s disease (AD) is characterized by progressive cognitive decline and late-stage
neurobehavioral issues marked by amyloid-beta plaques and Tau protein tangles. This study aims to
investigate Fibulin-1(FBLN1) gene expression in the hippocampal tissue of Presenilin-1/Presenilin-2
conditional double-knockout (DKO) and double-transgenic (DTG) mice, using single-cell sequencing
and experimental methods to verify abnormal methylation status and correlation with AD. Ge-
nomic DNA from DKO and DTG mice was used for genotyping. Reduced Representation Bisulfite
Sequencing (RRBS) identified 10 genes with abnormal methylation changes, with protein–protein
interaction (PPI) analysis highlighting five core genes, including FBLN1. Single-cell sequencing,
RT-PCR, and Western blotting (WB) were used to analyze FBLN1 mRNA and protein levels in the
hippocampal tissues of early-stage and mid-stage AD DKO, DTG, and CBAC57 mice. RRBS identified
10 genes with abnormal methylation, with PPI highlighting five core genes. Single-cell sequencing
showed significant FBLN1 expression in AD groups. RT-PCR and WB indicated elevated FBLN1
mRNA and protein levels in mid-stage AD DKO and DTG mice compared to CBAC57 mice, with
no differences in early-stage AD DKO and CBAC57 mice. RRBS revealed hypomethylation of the
FBLN1 gene in mid-stage AD DKO mice. Elevated FBLN1 expression in AD models suggests an
age-dependent neurodegenerative mechanism independent of amyloid-beta deposition. This study
enhances our understanding of AD’s epigenetic mechanisms, which will aid targeted diagnosis,
treatment, and prognosis.

Keywords: DNA methylation; FBLN1 gene; single-cell sequencing; Alzheimer’s disease; DKO mice;
DTG mice

1. Introduction

Neurodegenerative diseases, characterized by age-dependent, irreversible, and pro-
gressive deterioration, are leading contributors to morbidity and disability among the
elderly [1]. These diseases involve the loss of neurons or myelin structures, leading to
central or peripheral nervous system dysfunction [1]. This process impairs motor and
cognitive functions, progressively worsening with age and ultimately leading to disability
and death. Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder,
surpassing the combined prevalence of all other such diseases. AD primarily manifests
as a central neurodegenerative disorder, characterized by progressive declines in learning,
memory, and cognitive function, along with late-stage neurobehavioral abnormalities [2].
Pathologically, AD is defined by the extensive deposition of amyloid-beta (Aβ) proteins in
the cerebral cortex and hippocampus, forming senile plaques (SPs), and the hyperphospho-
rylation of Tau proteins, resulting in neurofibrillary tangles (NFTs) [3,4]. Despite extensive
research, the etiology and pathogenesis of AD remain incompletely understood. In recent
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years, epigenetics has emerged as a critical field of study, offering deeper insights into
diseases such as AD. Epigenetic modifications, particularly DNA methylation, are closely
linked to the pathogenesis and progression of AD, playing crucial roles in gene expression
and regulation [5].

Studies have demonstrated that the Presenilin-1/Presenilin-2 conditional double-
knockout (DKO) mouse model, created through gene-knockout technology, can replicate
the pathological changes observed in clinical AD patients over time. These changes include
neuronal loss, molecular alterations, electrophysiological characteristics, tissue morphology,
inflammatory responses, and cognitive and emotional behaviors, even in the absence of
Aβ protein deposition. This model serves as a valuable research tool for studying AD
mechanisms independent of Aβ protein deposition [6–8]. Another extensively used AD
animal model is the APP/PS1 double-transgenic (DTG) mouse. This model produces
significant amounts of Aβ at an early stage, leading to its deposition in the brain and
subsequent formation of senile plaques. Due to these pathophysiological characteristics,
the DTG mouse model is deemed an ideal experimental model for AD research [9,10].

Therefore, to more accurately model the pathophysiological progression of human
AD and obtain precise experimental results and conclusions, this study utilizes both DKO
and DTG mouse models. DKO mice exhibit significant age-dependent neurodegenera-
tive changes, while the DTG mice compensate for the lack of Aβ deposition and senile
plaque formation in the DKO model, thus encompassing key pathological features of AD.
With the advent and application of high-throughput sequencing technologies, Reduced
Representation Bisulfite Sequencing (RRBS) has become widely used for DNA methyla-
tion detection due to its accuracy, efficiency, and cost-effectiveness [11]. Additionally, the
rapid advancement of bioinformatics over the past decade has enabled comprehensive
analyses of gene variations and co-expression, providing valuable insights into how these
factors influence protein function and disease progression. Techniques such as molecu-
lar biology-enrichment analysis, based on molecular functions, biological processes, and
cellular components, have become indispensable tools for further research.

In this study, we found abnormal methylation genes associated with AD and further
analyzed the correlation between an abnormal methylation status of the FBLN1 gene and the
pathological progression of AD. This study aims to provide a basis for fundamental research
on non-Aβ mechanisms in AD, as well as its prevention, diagnosis, and targeted treatment.

2. Results
2.1. Genotype Identification of Offspring in AD Model DKO and DTG Mice

The OD260/280 values of all sample DNA were not less than 1.8, and the average
DNA concentration exceeded 100 ng/µL, indicating that the quality of all sample DNA
met the experimental requirements. The results of agarose gel electrophoresis are presented
below. The electrophoretic bands were clear and complete, with all positive results aligning
with the positive controls and the expected gene-fragment sizes. The PCR amplification
products of DKO mouse tail DNA displayed electrophoretic bands corresponding to the
Cre, PS1, and PS2 genes, located at 490 bp, 703 bp, and 450 bp, respectively, as shown in
Figure 1. Similarly, the PCR amplification products of DTG mouse tail DNA exhibited
electrophoretic bands for the internal control, PS1, and APP genes, located at 324 bp, 608 bp,
and 350 bp, respectively, as depicted in Figure 2. We selected only mice that simultaneously
express Cre, PS1, and PS2 genes for subsequent experiments. Mice expressing any one of
these genes in a negative manner were excluded from our study.
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Figure 1. Graphs of agarose gel electrophoresis results of DNA PCR products from DKO offspring 
mice. (a) PS1 gene results, band position 703 bp. (b) Cre gene results, band position 490 bp. (c) PS2 
gene result map, band position 450 bp. M: DNA Marker; P: Positive control; N: Negative control. 

 
Figure 2. Graph of agarose gel electrophoresis results of DNA PCR products from DTG offspring 
mice. (a) Result graph of internal reference gene, band position 324 bp. (b) PS1 gene results, band 
position 608 bp. (c) APP gene result map, band position 350 bp. M: DNA Marker; P: Positive control; 
N: Negative control. 

2.2. Methylation Screening Results of RRBS Sequencing in Hippocampal Tissue of DKO Mice 
The genomic DNA results from hippocampal tissue samples of mice, detected by UV 

spectrophotometry, revealed OD260/280 values ranging from 1.8 to 2.0 and DNA concen-
trations between 102.0 and 172.0 ng/µL. These values confirm that the genomic DNA qual-
ity from mouse hippocampal tissue samples met the necessary requirements for subse-
quent experiments. Agarose gel electrophoresis results for each DNA sample showed 
clear and intact DNA bands near the wells on the agarose gel, with minimal smearing or 

Figure 1. Graphs of agarose gel electrophoresis results of DNA PCR products from DKO offspring
mice. (a) PS1 gene results, band position 703 bp. (b) Cre gene results, band position 490 bp. (c) PS2
gene result map, band position 450 bp. M: DNA Marker; P: Positive control; N: Negative control.
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Figure 2. Graph of agarose gel electrophoresis results of DNA PCR products from DTG offspring
mice. (a) Result graph of internal reference gene, band position 324 bp. (b) PS1 gene results, band
position 608 bp. (c) APP gene result map, band position 350 bp. M: DNA Marker; P: Positive control;
N: Negative control.

2.2. Methylation Screening Results of RRBS Sequencing in Hippocampal Tissue of DKO Mice

The genomic DNA results from hippocampal tissue samples of mice, detected by
UV spectrophotometry, revealed OD260/280 values ranging from 1.8 to 2.0 and DNA
concentrations between 102.0 and 172.0 ng/µL. These values confirm that the genomic
DNA quality from mouse hippocampal tissue samples met the necessary requirements for
subsequent experiments. Agarose gel electrophoresis results for each DNA sample showed
clear and intact DNA bands near the wells on the agarose gel, with minimal smearing or
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tailing, indicating that the DNA quality was suitable for the RRBS experiments. The RRBS
sequencing data were analyzed using software such as Bismark (v0.7.11) and compared to
the mouse reference genome sequence, resulting in the identification of several abnormally
methylated genes. As described in previous studies [12], 1338 abnormally methylated sites
involving 873 genes were identified on different chromosomes during the early stages of
Alzheimer’s disease (AD). The analysis of differentially methylated regions (DMRs) in
functional gene areas resulted in the identification of 30 abnormally methylated genes.
During the middle stages of AD, 3025 abnormally methylated sites involving 2758 genes
were identified on different chromosomes (partial results are shown in Table S2). The
analysis of DMRs in functional gene areas revealed 127 abnormally methylated genes, of
which 95 genes exhibited increased methylation levels and 32 genes exhibited decreased
methylation levels. We included the top 25 genes with more significant p-value expression
for further analysis (results are shown in Table S3).

2.3. PPI Analysis

A preliminary PPI network was established based on 25 candidate genes. There are
25 nodes and 12 edges in Figure 3, with a local clustering coefficient of 0.28 (Figure 3A).
MCODE was used to identify highly interconnected subnetworks, and the MCODE network
analysis reveals one cluster containing four nodes (COL4A1, ELN, NOS3, and FBLN1) and
five edges (Figure 3B). Four proteins in the subnetwork are COL4A1, ELN, NOS3, and
FBLN1. Data for the subnetworks are shown in Table S4. To include more proteins for
the study, we included the original proteins based on the subnetwork for further analysis,
though the cytoHubba was used to assess the importance of the nodes in the network,
quantitatively ranking the hub genes. The size of the node represents the degree value of
the target; the larger the node, the greater the degree value. Nodes represent proteins and
edges represent interaction relationships between proteins. Proteins with large degrees
play a crucial role in the whole network. The top five proteins with degree intelligence are
COL4A1, ELN, NOS3, FBLN1, and LAMB3 (Figure 3C).
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Figure 3. Protein–protein interaction network. (A) PPI of candidate genes (B) classification of PPI
network group. (C) Interaction network of proteins. Nodes represent proteins and edges represent
interaction relationships between proteins. Blue nodes represent a high degree of proteins; the node
size is proportional to the degree of the protein in the network.

2.4. Single-Cell RNA Sequencing Analysis of Core Genes

To further elucidate the specific roles of marker genes in AD progression, we down-
loaded dataset GSE161045 and performed single-cell RNA sequencing (scRNA-seq) analysis
on these samples. The cells from AD and normal tissues are depicted in Figure 4A. After
quality-control filtering (Figure 4B), cells from both AD and normal tissues were merged,
clustered, and annotated. We identified 20 distinct cell clusters. The visualization of these
clusters was achieved using the UMAP and t-SNE methods (Figure 4C,D). Each cluster’s
cell identity was annotated using reference datasets from the human primary cell atlas.
These clusters exhibited distinct gene-expression profiles, and marker genes specific to cell
types were assigned to clusters based on their specificity.
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Figure 4. Discovery of quality control and cellular annotations in scRNA-seq data. (A) Cellular
distribution of unfiltered AD and CO. (B) Cellular distribution of filtered AD and CO. (C) Cell
clustering classification under the T-SNE algorithm. (D) Cell-clustering classification under the
UAMP algorithm. (E) Cellular annotations under the T-SNE algorithm. (F) Cellular annotations
under the UAMP algorithm. (G) Expression of hub genes in the AD and control group. (H) Expression
of hub genes in cellular annotations. (ns: p > 0.05; *** p <0.001, **** p < 0.0001).

An analysis of these core genes resulted in a two-dimensional plot showing the
dimensional reduction of clusters, including endothelial cells, astrocytes, macrophages,
and monocytes (Figure 4E,F). Then, a differential expression map of hub genes in AD and
control groups (CO) was drawn (Figure 4G), indicating the difference between AD and
CO (p < 0.05) and the differential expression map between cell clusters (Figure 4H). The
differential expression of each gene in the hub between cell clusters (Figure 5A), and the
differential expression of these genes in AD and control groups (CO) (Figure 5B), showed
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that only FBLN1 genes differed in the AD and control groups (p < 0.05). The distribution
and proportion of hub genes within cells are also shown (Figure 5C). FBLN1 was found to be
significantly distributed within cells, particularly in endothelial cells (p < 0.05). Comparing
the FBLN1 expression between the AD and control groups, we observed that FBLN1
expression was higher in AD. The expression levels of high and low FBLN1 expression in
endothelial cells were significantly different (p < 0.001) (Figure 5E).
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Enrichment analysis revealed that FBLN1 is primarily associated with focal adhesion,
aldosterone synthesis and secretion, thyroid hormone synthesis, dilated cardiomyopathy,
and adrenergic signaling in cardiomyocytes, as shown in the GO analysis (Figure 5F).

In the KEGG analysis, FBLN1 was found to be primarily associated with collagen
binding, small GTPase binding, actin binding, extracellular matrix structural constituent,
and guanyl-nucleotide exchange factor activity (Figure 5G). The hallmark analysis revealed
that FBLN1 is mainly related to UV-response-dn, protein secretion, mitotic spindle, hy-
poxia, epithelial–mesenchymal transition, androgen response, apoptosis, and xenobiotic
metabolism (Figure 5H).

2.5. Methylation Screening Results of FBLN1 Gene in Hippocampal Tissue of DKO Mice Based on
RRBS Sequencing Data

The FBLN1 gene is located on Chromosome 15, with abnormally methylated frag-
ments identified in its exon region, specifically from Position 85,244,183 to 85,244,307. The
methylation status of the FBLN1 gene in the hippocampal tissue of 12-month-old female
DKO mice showed significant downregulation compared to age- and sex-matched CBAC57
mice (p < 0.01). In contrast, although the FBLN1 gene in the hippocampal tissue of 7-month-
old female DKO mice also exhibited downregulation, this difference was not statistically
significant compared to age- and sex-matched CBAC57 mice (p > 0.05), as shown in Table
S5. These findings suggest that abnormal methylation of the FBLN1 gene predominantly
occurs during the mid-stage of AD progression and plays a crucial role in the development
of AD during this period.

2.6. Transcriptional Expression of FBLN1 Gene in Hippocampal Tissue of DKO and DTG Mice

We first examined the mRNA expression of the FBLN1 gene in the hippocampal tissue
of 7-month-old early-stage AD model DKO mice. RT-PCR results showed no statistically
significant difference in mRNA expression of the FBLN1 gene in the hippocampal tissue
of 7-month-old female DKO mice compared to same-age and same-sex CBAC57 mice
(p > 0.05), as shown in Figure 6 and Table S6. During the mid-stage of AD progression,
RT-PCR data indicated that the mRNA expression of the FBLN1 gene in the hippocampal
tissue of 12-month-old female DKO mice was significantly higher compared to same-age
and same-sex CBAC57 mice (p < 0.01), as shown in Figure 7. Similarly, in the hippocampal
tissue of 12-month-old female DTG mice, the mRNA expression of the FBLN1 gene was
also significantly increased compared to same-age and same-sex CBAC57 mice (p < 0.05),
as shown in Figure 7.

Since DKO mice exhibit significant age-dependent neurodegenerative changes without
Aβ deposition and formation of senile plaques, whereas DTG mice show significant Aβ

deposition and senile plaque formation at an early stage, we investigated the relationship
between the differential expression of the FBLN1 gene at the transcriptional level and
Aβ deposition. We compared the transcriptional expression of the FBLN1 gene in the
hippocampal tissue of 12-month-old female DKO and DTG mice. The results indicated
that there was no statistically significant difference in the mRNA expression of the FBLN1
gene between the 12-month-old DKO mice and same-age DTG mice (p > 0.05), as shown in
Figure 7 and Table S6. Further analysis confirmed that there was no significant difference in
mRNA expression of the FBLN1 gene between the hippocampal tissues of DKO and DTG
mice (p > 0.05), as shown in Figure 7 and Table S6.

2.7. Translational Expression of FBLN1 Gene in Hippocampal Tissue of DKO and DTG Mice

In the early stage of AD progression, Western blot (WB) data showed no statistically
significant difference in the protein expression of the FBLN1 gene in the hippocampal
tissue of 7-month-old female DKO mice compared to same-age and same-sex CBAC57 mice
(p > 0.05), as shown in Figure 8A and Table S7.
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In the mid-stage of AD progression, the protein expression of the FBLN1 gene in
the hippocampal tissue of 12-month-old female DKO mice was significantly higher than
that in same-age and same-sex CBAC57 mice, with a statistically significant difference
(p < 0.01), as shown in Figure 8B and Table S7. Additionally, the protein expression
of the FBLN1 gene in the hippocampal tissue of 12-month-old female DTG mice was
significantly elevated compared to same-age and same-sex CBAC57 mice (p < 0.01), as
shown in Figure 9A and Table S7.
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Comparative analysis of FBLN1 protein expression in the hippocampal tissue of
12-month-old female DKO and DTG mice revealed no statistically significant differ-
ence in FBLN1 protein expression between the two groups (p > 0.05), as shown in
Figure 9B and Table S7.

3. Discussion

The pathogenesis of Alzheimer’s Disease (AD) remains incompletely understood, but
there are several hypotheses, including the Aβ cascade hypothesis, tau protein hyperphos-
phorylation hypothesis, and cholinergic hypothesis. The Aβ cascade hypothesis posits that
an imbalance between the production and clearance of Aβ leads to its accumulation in
the brain, forming amyloid plaques that cause neuronal degeneration and inflammatory
responses, ultimately leading to cognitive impairment [13–15]. The tau protein hyperphos-
phorylation hypothesis suggests that the excessive or abnormal phosphorylation of tau
protein results in its loss of the microtubule-stabilizing function, forming neurofibrillary
tangles, disrupting neuronal structure and function, and causing neuronal death [16,17].
The cholinergic hypothesis proposes that damage to cholinergic neurons in AD patients
leads to a decrease in acetylcholine levels, affecting memory and learning [18,19].

In this study, we utilized RRBS sequencing, single-cell RNA sequencing, RT-PCR, and
Western blotting to analyze DNA methylation and gene expression in the hippocampal tis-
sue of DKO and DTG mice. We identified several abnormally methylated genes associated
with AD, with FBLN1 showing significant differences. We further validated the methylation
status and protein level changes of the FBLN1 gene, as well as its role in different cell types
and functional pathways, providing clues to its mechanism in AD pathology.

Firstly, we constructed a protein–protein interaction (PPI) network to explore the
relationships and significance of the 25 abnormally methylated genes we identified. The
top five proteins with degree intelligence are COL4A1, ELN, NOS3, FBLN1, and LAMB3.
These genes are primarily involved in the structure and function of the extracellular matrix
(ECM), as well as the regulation of cell adhesion and migration [20–22]. This is consistent
with previous studies, indicating that ECM alterations play a crucial role in AD develop-
ment and progression [23–25]. ECM abnormalities not only affect the morphology and
function of neurons but also influence interactions between neurons and other cells such
as astrocytes, pericytes, and endothelial cells, leading to neuroinflammation, blood–brain
barrier disruption, and neurotrophic deficiency [25,26]. Therefore, we speculate that the
abnormally methylated genes we identified may participate in AD pathology by affecting
ECM composition and function.

Secondly, we utilized single-cell RNA sequencing to perform an in-depth analysis of
cells from AD and normal tissues, revealing the heterogeneity and specificity of different
cell types. We found significant differences in cell distribution and phenotype between
AD and normal tissues, indicating that AD development involves changes in multiple cell
types. We plot the differential expression of five abnormally methylated genes in AD and
control groups and found that only FBLN1 was significantly different in the AD and normal
groups (p < 0.05). We also mapped the differential expression of five aberrant methylated
genes in the cell cluster, with FBLN1 being most prominently distributed in endothelial
cells, with a higher expression of FBLN1 endothelial cells in AD than in normal tissues.

We further mapped the differential expression of the 10 abnormally methylated genes
across cell clusters, finding that FBLN1 was most significantly distributed within cells,
particularly endothelial cells, with higher expression in AD tissues than in normal tissues.
This drew our attention because FBLN1 is an important ECM protein involved in various
cellular functions such as adhesion, migration, proliferation, differentiation, and signal
transduction [22]. Abnormal FBLN1 expression has been found in various diseases, in-
cluding cancer, cardiovascular diseases, and diabetes [22,27–29]. However, there are few
studies on the role of FBLN1 in AD. We hypothesize that FBLN1 may participate in AD
pathology by affecting endothelial cell function. Endothelial cells are the main components
of the blood–brain barrier, maintaining brain homeostasis and protecting neurons from
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external damage [30]. In AD, the integrity and selectivity of the blood–brain barrier are
compromised, leading to the infiltration of Aβ and other harmful substances and impair-
ing the clearance of nutrients and metabolic waste [31,32]. Additionally, endothelial cells
secrete various neurotrophic factors such as nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and vascular endothelial growth factor (VEGF), which are
crucial for neuronal survival and function [33,34]. In AD, the levels of these neurotrophic
factors decrease, leading to neurodegenerative changes [35,36]. Therefore, we speculate
that FBLN1 may be involved in AD pathology by affecting endothelial cell function.

Finally, GO analysis revealed that FBLN1 is mainly associated with pathways such
as focal adhesion, aldosterone synthesis and secretion, and thyroid hormone synthesis.
In the KEGG analysis, FBLN1 was primarily associated with pathways such as collagen
binding, small GTPase binding, and actin binding. A hallmark analysis revealed that
FBLN1 is mainly related to pathways such as UV-response-dn, protein secretion, mitotic
spindle, and hypoxia. FBLN1 may regulate the occurrence and development of AD through
these pathways.

To verify our hypothesis, we conducted a series of experiments, including RT-PCR
and Western blotting, to detect changes in the methylation status and protein levels of
the FBLN1 gene. We found that the exon region of the FBLN1 gene exhibited significant
hypomethylation during the mid-stage of AD. We used RT-PCR and Western blotting to
further analyze the mRNA and protein expression of FBLN1 in the hippocampal tissues of
DKO and DTG mice to understand the impact of FBLN1 gene methylation modifications
on its transcriptional and translational levels in the hippocampus. The results showed no
significant difference in FBLN1 expression between the experimental and control groups in
early-stage AD hippocampal tissues, consistent with RRBS results. However, in mid-stage
AD hippocampal tissues, the mRNA and protein expression of this gene significantly
increased, consistent with previous findings. This indicates that FBLN1 protein expression
increases with age and is associated with AD pathology.

FBLN1 is a multifunctional extracellular matrix protein produced by neurons, in-
volved in various cellular functions such as growth, adhesion, and migration [37,38].
FBLN1 has also been implicated in the development of various cancers. Overexpressed
variants of FBLN1 play a crucial role in estrogen-induced carcinogenesis in ovarian and
breast cancers. Additionally, high methylation of the FBLN1 promoter is associated
with the progression of hepatocellular carcinoma, squamous cell carcinoma, and skin
cancer [39–42]. DNA methylation has been found in the promoters and genomes of genes
related to AD patients [43]. Specifically, 5-methylcytosine can alter the structure of local
chromatin, thereby affecting gene transcription and expression [44].

Previous studies have confirmed the association of FBLN1 with neurodegenerative
diseases [45], but there are no reports on the methylation modifications of FBLN1 in hip-
pocampal tissue. Interestingly, we observed a discrepancy in our study. Previous research
suggested that BDNF is hypermethylated in the peripheral blood of AD patients [46], but
another study found no significant difference [47]. This discrepancy may be due to differ-
ences in experimental platforms, methods, individual variations, and other confounding
factors. In our experiments, FBLN1 showed no significant methylation differences in the
early stages but exhibited significant hypomethylation in the mid-stage, which requires
further confirmation.

Additionally, Shen et al. reported findings on FBLN1 expression in AD consistent with
our results [48]. Generally, aberrant gene methylation can alter chromatin structure, impact-
ing gene transcription and expression, thereby contributing to disease development [49].
These findings suggest that FBLN1 may influence AD progression not through Aβ protein
deposition but by upregulating RNA and protein expression. Studies have also reported
that FBLN1 can inhibit the proliferative effects of sAPPα fragments on neural stem cells
in vivo [50]. Under physiological conditions, the C83 fragment produced by APP cleavage
can generate the APP intracellular domain (AICD) through γ-secretase hydrolysis, which
may contribute to AD pathology mediated by tau protein [51]. This indicates that FBLN1
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may mediate neuronal loss and be related to the development and progression of AD,
although its specific mechanisms require further investigation.

The limitations of this study include the validation and analysis of only a single
aberrantly methylated gene. We did not further investigate other genes identified through
our screening, nor did we explore the upstream- and downstream-signaling pathways of
the aberrantly methylated genes. Additionally, we did not experimentally validate the
functions of these genes, assess their expression and roles in human AD patients, or evaluate
the impact of interventions targeting these genes on AD progression. While the DKO and
DTG mouse models used in this study are ideal for age-dependent neurodegenerative
disease and AD, respectively, they cannot fully replicate all AD pathologies, let alone the
epigenetic features and potential dynamic changes in AD patients. These limitations likely
contribute to discrepancies between preclinical and clinical findings. Therefore, it is crucial
to investigate FBLN1 gene-methylation changes and their impact on AD pathology in
human brain tissue.

Furthermore, the sample size in this experiment was limited. Although we attempted
to increase the number of experimental animals, it is still challenging to completely elim-
inate the influence of individual differences and human factors in some mice. Thus, our
experimental results require corroboration with larger sample sizes and additional experi-
mental data. Future research should address these issues to provide more evidence and
insights into the mechanisms, prevention, diagnosis, and targeted treatment of AD.

4. Materials and Methods
4.1. Experimental Animals

Studies have shown that the prevalence of AD is higher in females than in males due
to hormonal influences [37]. Therefore, female AD animal model mice were used in this
experiment. The experimental DKO mice were provided by Professor Ya-Ping Tang from
Louisiana State University, USA. These mice were generated using the Cre/Loxp system,
where the Cre gene was specifically expressed in the forebrain of B6CBAF1 background
mice, leading to the conditional knockout of the Presenilin-1 (PS1) gene in the forebrain.
These mice were then crossed with Presenilin-2 (PS2)-knockout heterozygous mice to obtain
the DKO mice with the genotype PS1 F/F, PS2 −/−, Cre +/−.

All DKO mice used in this study were offspring that had been bred for over
10 generations and were verified to meet the genotype requirements. The DTG mice were
purchased from Beijing HFK Bioscience Co., Ltd., Beijing, China, and have a C57BL/6J
genetic background. They were created by crossing two single-transgenic mouse lines:
PrP-hAPPK595N/M596L and PrP-hPS1dE9. Additionally, wild-type CBAC57 mice, used as
controls, were purchased from Shanghai SIPPR-BK Laboratory Animal Co., Ltd., Shanghai,
China. These wild-type mice were hybrids of C57BL/6 and CBA mice, with the genotype
PS1 +/+, PS2 +/+, Cre −/− (Figure 10).

4.2. Experimental Grouping

Early Stage (7 months old): 18 female DKO mice and 18 female CBAC57 mice were
divided into experimental and control groups, respectively. The experimental group
consisted of nine female DKO mice and the control group consisted of nine female CBAC57
mice, used for detecting FBLN1 protein levels. Similarly, nine female DKO mice and nine
female CBAC57 mice were used for detecting FBLN1 mRNA levels.

Mid-Stage (12 months old): A total of 18 female DKO mice, 18 female DTG mice,
and 18 female CBAC57 mice were used. For protein-level detection, nine female DKO
mice, nine female DTG mice, and nine female CBAC57 mice were used. For mRNA-level
detection, nine female DKO mice, nine female DTG mice, and nine female CBAC57 mice
were used [8]. Wild-type CBAC57 mice were used as controls.



Int. J. Mol. Sci. 2024, 25, 9036 13 of 19
Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 15 of 22 
 

 

 
Figure 10. Modeling process of DKO, DTG mice. 

4.2. Experimental Grouping 
Early Stage (7 months old): 18 female DKO mice and 18 female CBAC57 mice were 

divided into experimental and control groups, respectively. The experimental group con-
sisted of nine female DKO mice and the control group consisted of nine female CBAC57 
mice, used for detecting FBLN1 protein levels. Similarly, nine female DKO mice and nine 
female CBAC57 mice were used for detecting FBLN1 mRNA levels. 

Mid-Stage (12 months old): A total of 18 female DKO mice, 18 female DTG mice, and 
18 female CBAC57 mice were used. For protein-level detection, nine female DKO mice, 
nine female DTG mice, and nine female CBAC57 mice were used. For mRNA-level detec-
tion, nine female DKO mice, nine female DTG mice, and nine female CBAC57 mice were 
used [8]. Wild-type CBAC57 mice were used as controls. 

4.3. Collection of Tail Tissue from Offspring Mice 
Approximately 40 days after birth, tail tissue from the offspring mice in the experi-

mental groups was collected. Under sterile conditions, the offspring mice were anesthe-
tized. Surgical ligation was performed about 0.6 cm from the tip of the tail, and approxi-
mately 0.5 cm of tail tissue was cut using a scalpel. An ophthalmic scissor was used to 
mark the mouse’s ear. The tail tissue was placed in a sterilized and dry 1.5 mL centrifuge 
tube. The wound was disinfected twice with 75% alcohol. If necessary, additional ligation 
was performed to stop the bleeding. Once the mice recovered from anesthesia, they were 
returned to their cages. 

  

Figure 10. Modeling process of DKO, DTG mice.

4.3. Collection of Tail Tissue from Offspring Mice

Approximately 40 days after birth, tail tissue from the offspring mice in the experimen-
tal groups was collected. Under sterile conditions, the offspring mice were anesthetized.
Surgical ligation was performed about 0.6 cm from the tip of the tail, and approximately
0.5 cm of tail tissue was cut using a scalpel. An ophthalmic scissor was used to mark the
mouse’s ear. The tail tissue was placed in a sterilized and dry 1.5 mL centrifuge tube. The
wound was disinfected twice with 75% alcohol. If necessary, additional ligation was per-
formed to stop the bleeding. Once the mice recovered from anesthesia, they were returned
to their cages.

4.4. Collection of Hippocampal Tissue

The mice were anesthetized with ether and decapitated. The skin and skull were
removed to expose the entire brain. The hippocampus was then isolated, quickly frozen in
liquid nitrogen for 30 min, and stored at −80 ◦C in a freezer [8].

4.5. Methods
4.5.1. DNA Extraction from Mice

DNA extraction reagents were purchased from Tiangen Biotech Co., Ltd., Beijing,
China (catalog number DP304). Mouse DNA was extracted using these reagents. The
extracted DNA was amplified using standard PCR. The PCR primers used are listed in
Table S1.

4.5.2. Agarose Gel Electrophoresis Detection

(1) Gel Preparation: A 1.2% agarose gel was prepared for electrophoresis.
(2) Electrophoresis: We loaded 4 µL of DNA Marker and 5 µL of the PCR amplification
products from each sample, including positive and negative controls, into the wells of the
agarose gel. Electrophoresis was performed at a constant voltage of 150 V, with a current of
125 A and power of 180 W, for a duration of 22 min. (3) Imaging: Following electrophoresis,
the gel was transferred to an automated UV transilluminator for visualization. Images of
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the gel were captured and saved. Offspring mice were genotyped as DKO and DTG based
on the expected DNA fragment sizes and their comparison to the positive control.

4.5.3. Reduced Representation Bisulfite Sequencing (RRBS)

In this experiment, RRBS sequencing was conducted by Hangzhou Lianchuan BioTech
Co., Ltd., Hangzhou, China. The construction of the sequencing library was performed
as described by Brant et al. [52]. The principle involved treating genomic DNA with the
restriction enzyme MspI to enrich for the promoter and CpG island regions, followed by
bisulfite conversion, which converted unmethylated cytosines to uracil. After PCR amplifi-
cation, all uracils were converted to thymine. The PCR products were then sequenced. The
sequencing results were analyzed by Bismark (v 0.7.11) and other software, and a series of
genes with abnormal methylation changes were finally selected. Genes with p < 0.05 were
selected. Finally, the top 25 genes with more significant p-values associated with a poor
prognosis of Alzheimer’s disease (AD) were included for further analysis.

4.5.4. PPI (Protein–Protein Interaction)

The core network of protein–protein interactions (PPICN) refers to the integration
of biochemical, signal transduction, and genetic networks, associating compounds with
disease-related protein molecules. We imported the drug-disease crossover targets into the
STRING database (https://cn.string-db.org/, accessed on 15 May 2024), setting the species
to Homo sapiens. The data were saved in tab-separated values (TSV) format. The TSV file
was imported into Cytoscape 3.7.1 for network analysis. Node sizes were adjusted based
on the degree values from the analysis results. To further quantify the importance of these
genes in the PPI network, we used the MCODE and cytoHubba tools to quantitatively rank
the core genes [53].

4.5.5. Single-Cell Sequencing (ScRNA-Seq)

Transcriptome data of AD and normal tissues (GSE161045) were obtained from the
Gene-Expression Omnibus database (GEO). The ScRNA-seq data were processed using
the Seurat V4.0 R package. First, the “PercentFeatureSet” function was used to calculate
the proportion of mitochondrial genes, selecting cells with more than 200 genes but fewer
than 5000 genes, and fewer than 2000 mitochondrial genes, for further analysis. Then, the
ScRNA-seq data were normalized using the “NormalizeData” method, and five highly
variable genes (HVG) were enriched using the “FindVariableGenes” function. Next, the
“FindIntegrationAnchors” and “IntegrateData” functions were used to merge and regress
the ScRNA-seq data from AD and normal tissues to account for batch effects. The “Find-
Neighbors” and “FindClusters” functions were then performed to identify cell clusters
(resolution = 8.0). Finally, these cell clusters were visualized using the UMAP and tSNE
methods and annotated based on previously reported marker genes.

4.5.6. Extraction of DNA from Hippocampal Tissue

We removed 200 mg of frozen brain tissue, placed it in a 2 mL centrifuge tube, and
added 1.4 mL of buffer ASL. We allowed it to thaw completely, then vortexed for 1 min to
mix thoroughly. The mixture was incubated at 70 ◦C for 5 min with continuous shaking
for 15 s, then we let it stand and centrifuged at high speed. We retained the supernatant
and transferred it to an EP centrifuge tube. We added 100 µL of AB clearing agent to
remove impurities, vortexed for 1 min to mix thoroughly, closed the cap, let it stand, and
centrifuged at high speed. Then, we transferred all the supernatant to a new EP centrifuge
tube and centrifuged at high speed again. Next, we transferred 210 µL of the supernatant
to a new, clean EP centrifuge tube, added 20 µL of proteinase K solution, mixed it well,
added 200 µL of CB, and again mixed well. This mixture was incubated at 70 ◦C for 10 min.
After incubation, we added 100 µL of isopropanol and mixed well. Then, we added the
solution to adsorption column AC, centrifuged it at high speed, and discarded the waste
liquid. We added 500 µL of IR inhibitor removal solution to AC, centrifuged it at high
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speed, and discarded the waste liquid again. Next, we added 600 µL of WB wash solution
to AC slowly and evenly, centrifuged it, and discarded the waste liquid. We repeated the
wash cycle once, then placed AC in a clean recovery tube and centrifuged it at high speed
to remove the wash solution. We discarded the recovery tube, placed AC in a new recovery
tube, and eluted it with 50 µL of EB elution buffer. Finally, we centrifuged the mixture at
high speed, and the resulting solution was the DNA solution.

4.5.7. DNA Quality Identification and Integrity Assessment

In this experiment, a micro-nucleic acid protein detector (Analytik Jena, Beijing,
China) was used to measure the DNA OD value, using the A260/A280 ratio. Additionally,
1% agarose gel electrophoresis was used to assess DNA integrity.

4.5.8. Bisulfite Treatment

First, we took 45 µL of DNA solution and added 5 µL of pre-prepared Solution A. We
let it stand for 15 min with the cap closed, then added 500 µL of Solution B and mixed well.
This was stored for 8–16 h, then placed in an ice bath for 10 min. We added the universal
sol solution, mixed it well, and centrifuged it at high speed. Next, we added 0.7 mL of
universal wash solution to the column and centrifuged it at high speed (12,000 rpm, 30 s).
Then, we added 50 µL of Solution A diluent, let it stand at room temperature for 2 min,
and centrifuged it at high speed. Next, we added 0.7 mL of universal sol solution, mixed it
well, applied it to the column, and centrifuged it at high speed. Finally, we added 50 µL of
DNA elution solution, let it stand at room temperature for 2 min, and centrifuged it at high
speed (12,000 rpm, 30 s) to obtain bisulfite-modified DNA.

4.5.9. PCR Amplification and Product Recovery

This experiment amplified fragments containing the promoter region and all exon
sequences of the target gene. According to the kit instructions, the gel-cutting method was
used to recover and purify the amplified target products.

4.5.10. Real-Time Quantitative Polymerase Chain Reaction (RT-PCR/QPCR)

RNA Extraction

Hippocampal tissue was ground in liquid nitrogen, followed by the addition of
RNAiso Plus (10× tissue weight). The mixture was transferred to an RNase-free tube, left
to stand for 5 min at room temperature, and centrifuged at 4 ◦C, 12,000 rpm for 5 min. The
supernatant was mixed with 200 µL of chloroform, left to stand for 5 min, then centrifuged
again. The new supernatant was combined with 100 µL of isopropanol, mixed, left to
stand for 10 min, and centrifuged at 4 ◦C, 12,000 rpm for 10 min. The resulting pellet was
washed with 75% ethanol, centrifuged, and air-dried on ice for 50 min. Finally, the pellet
was dissolved in 20 µL of DEPC-treated water, yielding the total RNA solution.

RNA Concentration and Purity Detection

First, we cleaned the UV spectrophotometer with RNase-free water and set it to zero.
We measured the RNA concentration and purity by taking 1–2 µL of the solution from the
EP tube, repeating the measurement three times. We recorded the average value as the final
concentration. The OD value should be between 1.8 and 2.2, with a 28S/18S ratio between
1.8 and 2.0.

cDNA Template Preparation (Reverse Transcription)

Based on the detected RNA concentration of each sample, we diluted all samples to a
final RNA concentration of 500 ng/µL using RNase-free water. We used the RT reagent
Kit with gDNA Eraser (TaKaRa, Beijing, China). The reaction conditions were as follows:
37 ◦C for 15 min, 85 ◦C for 5 s, and 4 ◦C for 5 min.
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RT-PCR

Primers for the FBLN1 gene and the reference gene GAPDH were designed and
synthesized by Shanghai Sangon Biotech Co., Ltd., Shanghai, China. We prepared the PCR
reaction system according to standard protocols, with three replicates for each sample. The
reaction conditions were as follows: 40 cycles at 95 ◦C for 35 s, 60 ◦C for 30 s, and 95 ◦C for
30 s.

Total Protein Extraction

We obtained hippocampal tissue from mice (approximately 8–12 mg per mouse) and
ground it into a fine powder in liquid nitrogen. We added lysis buffer (PMSF: RIPA = 1:100,
10 µL/mg tissue) and lysed on ice for 35 min. Then, we sonicated the mixture for 5 s and
centrifuged it. We retained the supernatant as the total protein solution.

Protein Concentration Measurement

We measured the protein concentration using the Bioepitope BCA protein assay kit
(Beyotime, Shanghai, China) according to the manufacturer’s instructions. We mixed the
protein sample with 5×SDS-PAGE sample buffer at a 1:4 ratio and denatured the solution
in a water bath.

Western Blot Detection
Gel Preparation and Sample Loading

First, we prepared a 10% resolving gel and a 5% stacking gel by mixing Solution A
and Solution B in a 1:1 ratio and adding the polymerization accelerator. We poured the
resolving gel into the gel-casting glass plate, flattened it with ethanol, and allowed it to
solidify. Next, we layered the stacking gel on top of the resolving gel and inserted the
sample comb.

Electrophoresis

We set up the electrophoresis apparatus properly. We ran the stacking gel at a constant
voltage of 80 V for 30 min.

Electrotransfer

We activated the PVDF membrane with methanol, soaked the filter paper in pre-cooled
transfer buffer, and cut gel strips corresponding to the molecular weights of FBLN1 and
β-actin proteins. Next, we assembled the transfer sandwich—sponge, filter paper, gel strip,
PVDF membrane, filter paper, and sponge—ensuring no air bubbles. Then, we transferred
the FBLN1 protein at a constant current of 200 mA on ice for 100 min and β-actin protein
for 70 min.

Blocking and Antibody Incubation

We blocked the PVDF membrane with 5% non-fat milk, then incubated it with primary
antibodies overnight at 4 ◦C. We washed the membrane with TBST and incubated it with
secondary antibodies for 1 h.

Statistical Methods

Statistical analysis was performed using SPSS 26.0 software, and graphs were cre-
ated with GraphPad Prism 8.0. Gene expression at the protein and transcription levels
was analyzed using the one-sample t-test. The measurement data were expressed by
(x ± s). p < 0.05 was considered statistically significant.

5. Conclusions

In summary, after the 25 methylated sequenced genes were screened, five core genes
were screened again by PPI for further single-cell sequencing analysis. It was found that
FBLN1 was significantly expressed in single-cell sequencing, and its expression was higher
in the AD group than in the control group. Experimental validation revealed that the FBLN1
gene expression in AD mice and normal group mice was the same as in the single-cell
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sequencing analysis, suggesting that hypomethylation of the FBLN1 gene may be involved
in the mid-term pathological process of AD by promoting gene expression. These results
suggest that there is some non-Aβ deposition mechanism, or multiple factors may be
involved in the epigenetic regulation of AD process in age-dependent neurodegenerative
lesions in conjunction with Aβ deposition. This experiment provides a theoretical basis
for the study of the epigenetic and non-Aβ deposition mechanisms of AD, as well as the
targeted diagnosis, treatment, and prognosis of AD genes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms25169036/s1.

Author Contributions: Conceptualization, R.T. and Y.J.; Methodology, Z.H. and L.L.; Software, R.T.;
Validation, R.T., Y.J. and Z.H.; Formal Analysis, H.W.; Investigation, P.M.; Resources, Z.Y. and M.T.;
Data Curation, L.L.; Writing—Original Draft Preparation, R.T.; Writing—Review and Editing, Y.J.,
Z.H. and L.L.; Visualization, H.W. and P.M.; Supervision, Z.Y.; Project Administration, M.T.; Funding
Acquisition, M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Joint Research Fund for Sichuan Province Science and
Technology Agency and Southwest Medical University of China (14JC0161), the Scientific Research
Starting Foundation for Doctors of Southwest Medical University of China (2011204), and the Fund
for Luzhou Science and Technology Bureau of Sichuan Province of China (2021SYF28), all via grants
to M.T.

Institutional Review Board Statement: The study was approved by the Ethics Committee for Labo-
ratory Animal Welfare of Southwest Medical University (Luzhou, China) (20211123-036, Approval
date: 23 November 2021), which assesses studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.

[CrossRef] [PubMed]
2. Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, J.; van der Flier, W.M.

Alzheimer’s disease. Lancet 2021, 397, 1577–1590. [CrossRef]
3. Chen, Q.; Nakajima, A.; Choi, S.H.; Xiong, X.; Tang, Y.P. Loss of presenilin function causes Alzheimer’s disease-like neurodegen-

eration in the mouse. J. Neurosci. Res. 2008, 86, 1615–1625. [CrossRef]
4. Wang, J.; Yu, J.T.; Tan, M.S.; Jiang, T.; Tan, L. Epigenetic mechanisms in Alzheimer’s disease: Implications for pathogenesis and

therapy. Ageing Res. Rev. 2013, 12, 1024–1041. [CrossRef]
5. Nikolac Perkovic, M.; Videtic Paska, A.; Konjevod, M.; Kouter, K.; Svob Strac, D.; Nedic Erjavec, G.; Pivac, N. Epigenetics of

Alzheimer’s Disease. Biomolecules 2021, 11, 195. [CrossRef]
6. Masters, C.L.; Bateman, R.; Blennow, K.; Rowe, C.C.; Sperling, R.A.; Cummings, J.L. Alzheimer’s disease. Nat. Rev. Dis. Primers

2015, 1, 15056. [CrossRef] [PubMed]
7. Xue, X.L.; Wang, T.; Meng, B.; Lin, L.N.; Mei, B. Presenilin-1/2 conditional double knockout mice: An ideal model for Alzheimer’s

disease. Chin. J. New Drugs 2013, 22, 1530–1537.
8. Luo, S.Y.; Tang, M.X.; Tang, X.Q.; Li, X.; Gao, Z.Q.; Tang, Q.Y. Methylation of hippocampal Ptprd gene in presenilin 1/presenilin 2

double-gene knockout mice with Alzheimer’s disease. China Med. Pharmacy 2018, 8, 4.
9. Jack, C.R., Jr.; Knopman, D.S.; Jagust, W.J.; Petersen, R.C.; Weiner, M.W.; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.J.; Weigand,

S.D.; et al. Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of dynamic biomarkers.
Lancet. Neurol. 2013, 12, 207–216. [CrossRef]

10. Sevigny, J.; Chiao, P.; Bussière, T.; Weinreb, P.H.; Williams, L.; Maier, M.; Dunstan, R.; Salloway, S.; Chen, T.; Ling, Y.; et al. The
antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature 2016, 537, 50–56. [CrossRef]

11. Esang, M.; Gupta, M. Aducanumab as a Novel Treatment for Alzheimer’s Disease: A Decade of Hope, Controversies, and the
Future. Cureus 2021, 13, e17591. [CrossRef]

12. H Ferreira-Vieira, T.; M Guimaraes, I.; R Silva, F.; M Ribeiro, F. Alzheimer’s disease: Targeting the cholinergic system. Curr.
Neuropharmacol. 2016, 14, 101–115. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25169036/s1
https://doi.org/10.1101/cshperspect.a028035
https://www.ncbi.nlm.nih.gov/pubmed/28062563
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1002/jnr.21601
https://doi.org/10.1016/j.arr.2013.05.003
https://doi.org/10.3390/biom11020195
https://doi.org/10.1038/nrdp.2015.56
https://www.ncbi.nlm.nih.gov/pubmed/27188934
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1038/nature19323
https://doi.org/10.7759/cureus.17591
https://doi.org/10.2174/1570159X13666150716165726


Int. J. Mol. Sci. 2024, 25, 9036 18 of 19

13. Zhang, Y.; Chen, H.; Li, R.; Sterling, K.; Song, W. Amyloid β-based therapy for Alzheimer’s disease: Challenges, successes and
future. Signal Transduct. Target. Ther. 2023, 8, 248. [CrossRef]

14. Levin, J.; Vöglein, J.; Quiroz, Y.T.; Bateman, R.J.; Ghisays, V.; Lopera, F.; McDade, E.; Reiman, E.; Tariot, P.N.; Morris, J.C. Testing
the amyloid cascade hypothesis: Prevention trials in autosomal dominant Alzheimer disease. Alzheimer’s Dement. J. Alzheimer’s
Assoc. 2022, 18, 2687–2698. [CrossRef] [PubMed]

15. Kepp, K.P.; Robakis, N.K.; Høilund-Carlsen, P.F.; Sensi, S.L.; Vissel, B. The amyloid cascade hypothesis: An updated critical
review. Brain A J. Neurol. 2023, 146, 3969–3990. [CrossRef]

16. Bakota, L.; Brandt, R. Tau Biology and Tau-Directed Therapies for Alzheimer’s Disease. Drugs 2016, 76, 301–313. [CrossRef]
17. Arnsten, A.F.T.; Datta, D.; Del Tredici, K.; Braak, H. Hypothesis: Tau pathology is an initiating factor in sporadic Alzheimer’s

disease. Alzheimer’s Dement. J. Alzheimer’s Assoc. 2021, 17, 115–124. [CrossRef] [PubMed]
18. Hampel, H.; Mesulam, M.M.; Cuello, A.C.; Farlow, M.R.; Giacobini, E.; Grossberg, G.T.; Khachaturian, A.S.; Vergallo, A.; Cavedo,

E.; Snyder, P.J.; et al. The cholinergic system in the pathophysiology and treatment of Alzheimer’s disease. Brain A J. Neurol. 2018,
141, 1917–1933. [CrossRef]

19. Berry, A.S.; Harrison, T.M. New perspectives on the basal forebrain cholinergic system in Alzheimer’s disease. Neurosci. Biobehav.
Rev. 2023, 150, 105192. [CrossRef] [PubMed]

20. Montavon, B.; Winter, L.E.; Gan, Q.; Arasteh, A.; Montaño, A.M. Mucopolysaccharidosis Type IVA: Extracellular Matrix
Biomarkers in Cardiovascular Disease. Front. Cardiovasc. Med. 2022, 9, 829111. [CrossRef]

21. Tanis, T.; Cincin, Z.B.; Gokcen-Rohlig, B.; Bireller, E.S.; Ulusan, M.; Tanyel, C.R.; Cakmakoglu, B. The role of components of
the extracellular matrix and inflammation on oral squamous cell carcinoma metastasis. Arch. Oral Biol. 2014, 59, 1155–1163.
[CrossRef]

22. Harikrishnan, K.; Joshi, O.; Madangirikar, S.; Balasubramanian, N. Cell Derived Matrix Fibulin-1 Associates With Epidermal
Growth Factor Receptor to Inhibit Its Activation, Localization and Function in Lung Cancer Calu-1 Cells. Front. Cell Dev. Biol.
2020, 8, 522. [CrossRef]

23. Yang, A.C.; Vest, R.T.; Kern, F.; Lee, D.P.; Agam, M.; Maat, C.A.; Losada, P.M.; Chen, M.B.; Schaum, N.; Khoury, N.; et al. A human
brain vascular atlas reveals diverse mediators of Alzheimer’s risk. Nature 2022, 603, 885–892. [CrossRef]

24. Lepelletier, F.X.; Mann, D.M.; Robinson, A.C.; Pinteaux, E.; Boutin, H. Early changes in extracellular matrix in Alzheimer’s
disease. Neuropathol. Appl. Neurobiol. 2017, 43, 167–182. [CrossRef] [PubMed]

25. Anwar, M.M.; Özkan, E.; Gürsoy-Özdemir, Y. The role of extracellular matrix alterations in mediating astrocyte damage and
pericyte dysfunction in Alzheimer’s disease: A comprehensive review. Eur. J. Neurosci. 2022, 56, 5453–5475. [CrossRef]

26. Crapser, J.D.; Spangenberg, E.E.; Barahona, R.A.; Arreola, M.A.; Hohsfield, L.A.; Green, K.N. Microglia facilitate loss of
perineuronal nets in the Alzheimer’s disease brain. EBioMedicine 2020, 58, 102919. [CrossRef] [PubMed]

27. Tsai, Y.C.; Hung, W.W.; Chang, W.A.; Wu, P.H.; Wu, L.Y.; Lee, S.C.; Kuo, M.C.; Hsu, Y.L. Autocrine Exosomal Fibulin-1 as a Target
of MiR-1269b Induces Epithelial-Mesenchymal Transition in Proximal Tubule in Diabetic Nephropathy. Front. Cell Dev. Biol. 2021,
9, 789716. [CrossRef] [PubMed]

28. Zhang, G.; Ji, P.; Xia, P.; Song, H.; Guo, Z.; Hu, X.; Guo, Y.; Yuan, X.; Song, Y.; Shen, R.; et al. Identification and targeting of
cancer-associated fibroblast signature genes for prognosis and therapy in Cutaneous melanoma. Comput. Biol. Med. 2023, 167,
107597. [CrossRef]

29. Ito, S.; Yokoyama, U.; Nakakoji, T.; Cooley, M.A.; Sasaki, T.; Hatano, S.; Kato, Y.; Saito, J.; Nicho, N.; Iwasaki, S.; et al. Fibulin-1
Integrates Subendothelial Extracellular Matrices and Contributes to Anatomical Closure of the Ductus Arteriosus. Arterioscler.
Thromb. Vasc. Biol. 2020, 40, 2212–2226. [CrossRef]

30. Zhao, Z.; Nelson, A.R.; Betsholtz, C.; Zlokovic, B.V. Establishment and Dysfunction of the Blood-Brain Barrier. Cell 2015, 163,
1064–1078. [CrossRef]

31. Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative
disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [CrossRef] [PubMed]

32. Zenaro, E.; Piacentino, G.; Constantin, G. The blood-brain barrier in Alzheimer’s disease. Neurobiol. Dis. 2017, 107, 41–56.
[CrossRef] [PubMed]

33. D’Souza, A.; Dave, K.M.; Stetler, R.A.; Manickam, D.S. Targeting the blood-brain barrier for the delivery of stroke therapies. Adv.
Drug Deliv. Rev. 2021, 171, 332–351. [CrossRef]

34. Wong, B.W.; Marsch, E.; Treps, L.; Baes, M.; Carmeliet, P. Endothelial cell metabolism in health and disease: Impact of hypoxia.
EMBO J. 2017, 36, 2187–2203. [CrossRef] [PubMed]

35. Wu, Z.; Chen, C.; Kang, S.S.; Liu, X.; Gu, X.; Yu, S.P.; Keene, C.D.; Cheng, L.; Ye, K. Neurotrophic signaling deficiency exacerbates
environmental risks for Alzheimer’s disease pathogenesis. Proc. Natl. Acad. Sci. USA 2021, 118, e2100986118. [CrossRef]
[PubMed]

36. El Ouaamari, Y.; Van den Bos, J.; Willekens, B.; Cools, N.; Wens, I. Neurotrophic Factors as Regenerative Therapy for Neurodegen-
erative Diseases: Current Status, Challenges and Future Perspectives. Int. J. Mol. Sci. 2023, 24, 3866. [CrossRef]

37. Kuznetsova, E.; Schliebs, R. β-Amyloid, cholinergic transmission, and cerebrovascular system—A developmental study in a
mouse model of Alzheimer’s disease. Curr. Pharm. Des. 2013, 19, 6749–6765. [CrossRef]

38. Ohsawa, I.; Takamura, C.; Kohsaka, S. Fibulin-1 binds the amino-terminal head of beta-amyloid precursor protein and modulates
its physiological function. J. Neurochem. 2001, 76, 1411–1420. [CrossRef]

https://doi.org/10.1038/s41392-023-01484-7
https://doi.org/10.1002/alz.12624
https://www.ncbi.nlm.nih.gov/pubmed/35212149
https://doi.org/10.1093/brain/awad159
https://doi.org/10.1007/s40265-015-0529-0
https://doi.org/10.1002/alz.12192
https://www.ncbi.nlm.nih.gov/pubmed/33075193
https://doi.org/10.1093/brain/awy132
https://doi.org/10.1016/j.neubiorev.2023.105192
https://www.ncbi.nlm.nih.gov/pubmed/37086935
https://doi.org/10.3389/fcvm.2022.829111
https://doi.org/10.1016/j.archoralbio.2014.07.005
https://doi.org/10.3389/fcell.2020.00522
https://doi.org/10.1038/s41586-021-04369-3
https://doi.org/10.1111/nan.12295
https://www.ncbi.nlm.nih.gov/pubmed/26544797
https://doi.org/10.1111/ejn.15372
https://doi.org/10.1016/j.ebiom.2020.102919
https://www.ncbi.nlm.nih.gov/pubmed/32745992
https://doi.org/10.3389/fcell.2021.789716
https://www.ncbi.nlm.nih.gov/pubmed/34977033
https://doi.org/10.1016/j.compbiomed.2023.107597
https://doi.org/10.1161/ATVBAHA.120.314729
https://doi.org/10.1016/j.cell.2015.10.067
https://doi.org/10.1038/nrneurol.2017.188
https://www.ncbi.nlm.nih.gov/pubmed/29377008
https://doi.org/10.1016/j.nbd.2016.07.007
https://www.ncbi.nlm.nih.gov/pubmed/27425887
https://doi.org/10.1016/j.addr.2021.01.015
https://doi.org/10.15252/embj.201696150
https://www.ncbi.nlm.nih.gov/pubmed/28637793
https://doi.org/10.1073/pnas.2100986118
https://www.ncbi.nlm.nih.gov/pubmed/34140411
https://doi.org/10.3390/ijms24043866
https://doi.org/10.2174/13816128113199990711
https://doi.org/10.1046/j.1471-4159.2001.00144.x


Int. J. Mol. Sci. 2024, 25, 9036 19 of 19

39. Liu, X.T.; Liu, T.T.; Wu, M.Y.; Chen, Q.X.; Zhuang, J.X.; Wang, Q. Identifying FBLN1 (Gene ID: 2192) as a Potential Melanoma
Biomarker for Melanoma based on an Analysis of microRNA Expression Profiles in the GEO and TCGA Databases. Genet. Test.
Mol. Biomark. 2021, 25, 68–78. [CrossRef]

40. Shen, H.; Zhang, L.; Zhou, J.; Chen, Z.; Yang, G.; Liao, Y.; Zhu, M. Epidermal Growth Factor-Containing Fibulin-Like Extracellular
Matrix Protein 1 (EFEMP1) Acts as a Potential Diagnostic Biomarker for Prostate Cancer. Med. Sci. Monit. Int. Med. J. Exp. Clin.
Res. 2017, 23, 216–222. [CrossRef]

41. Bardin, A.; Moll, F.; Margueron, R.; Delfour, C.; Chu, M.L.; Maudelonde, T.; Cavailles, V.; Pujol, P. Transcriptional and posttran-
scriptional regulation of fibulin-1 by estrogens leads to differential induction of messenger ribonucleic acid variants in ovarian
and breast cancer cells. Endocrinology 2005, 146, 760–768. [CrossRef] [PubMed]

42. Kanda, M.; Nomoto, S.; Okamura, Y.; Hayashi, M.; Hishida, M.; Fujii, T.; Nishikawa, Y.; Sugimoto, H.; Takeda, S.; Nakao, A.
Promoter hypermethylation of fibulin 1 gene is associated with tumor progression in hepatocellular carcinoma. Mol. Carcinog.
2011, 50, 571–579. [CrossRef]

43. Yang, F.; Shi, J.; Zhang, L.; Wang, H.; Li, Y. Role of fibulin-1 gene promoter methylation in the carcinogenesis and development of
tongue squamous cell carcinoma. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2022, 133, 432–440. [CrossRef]

44. Wu, B.J.; Zhou, Z.P.; Li, W.P.; Ding, W.; Wu, Y.Z.; Zhou, Z.W.; Zhang, R.Q.; Liu, Q.F.; Jiang, H. Abnormal hypermethylation and
clinicopathological significance of FBLN1 gene in cutaneous melanoma. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2014, 35,
123–127. [CrossRef]

45. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacol. Off. Publ. Am. Coll.
Neuropsychopharmacol. 2013, 38, 23–38. [CrossRef] [PubMed]

46. Qazi, T.J.; Quan, Z.; Mir, A.; Qing, H. Epigenetics in Alzheimer’s Disease: Perspective of DNA Methylation. Mol. Neurobiol. 2018,
55, 1026–1044. [CrossRef] [PubMed]

47. Tahiliani, M.; Koh, K.P.; Shen, Y.; Pastor, W.A.; Bandukwala, H.; Brudno, Y.; Agarwal, S.; Iyer, L.M.; Liu, D.R.; Aravind, L.; et al.
Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 2009, 324,
930–935. [CrossRef]

48. Tong, Z.; Han, C.; Qiang, M.; Wang, W.; Lv, J.; Zhang, S.; Luo, W.; Li, H.; Luo, H.; Zhou, J.; et al. Age-related formaldehyde
interferes with DNA methyltransferase function, causing memory loss in Alzheimer’s disease. Neurobiol. Aging 2015, 36, 100–110.
[CrossRef] [PubMed]

49. Dong, Y.; Li, X.; Cheng, J.; Hou, L. Drug Development for Alzheimer’s Disease: Microglia Induced Neuroinflammation as a
Target? Int. J. Mol. Sci. 2019, 20, 558. [CrossRef]

50. Khan, S.; Shukla, S.; Sinha, S.; Meeran, S.M. Epigenetic targets in cancer and aging: Dietary and therapeutic interventions. Expert
Opin. Ther. Targets 2016, 20, 689–703. [CrossRef]

51. Cummings, J.; Lee, G.; Ritter, A.; Zhong, K. Alzheimer’s disease drug development pipeline: 2018. Alzheimer’s Dement. 2018, 4,
195–214. [CrossRef] [PubMed]

52. Brant, J.O.; Riva, A.; Resnick, J.L.; Yang, T.P. Influence of the Prader-Willi syndrome imprinting center on the DNA methylation
landscape in the mouse brain. Epigenetics 2014, 9, 1540–1556. [CrossRef] [PubMed]

53. Zhai, T.; Krass, E.; Zhang, F.; Huang, Z. A computational framework for identifying chemical compounds to bind Apolipoprotein
E4 for Alzheimer’s disease intervention. Front. Syst. Biol. 2023, 3, 1188430. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1089/gtmb.2020.0274
https://doi.org/10.12659/MSM.898809
https://doi.org/10.1210/en.2004-1239
https://www.ncbi.nlm.nih.gov/pubmed/15528301
https://doi.org/10.1002/mc.20735
https://doi.org/10.1016/j.oooo.2021.10.006
https://doi.org/10.1007/s13277-013-1015-5
https://doi.org/10.1038/npp.2012.112
https://www.ncbi.nlm.nih.gov/pubmed/22781841
https://doi.org/10.1007/s12035-016-0357-6
https://www.ncbi.nlm.nih.gov/pubmed/28092081
https://doi.org/10.1126/science.1170116
https://doi.org/10.1016/j.neurobiolaging.2014.07.018
https://www.ncbi.nlm.nih.gov/pubmed/25282336
https://doi.org/10.3390/ijms20030558
https://doi.org/10.1517/14728222.2016.1132702
https://doi.org/10.1016/j.trci.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29955663
https://doi.org/10.4161/15592294.2014.969667
https://www.ncbi.nlm.nih.gov/pubmed/25482058
https://doi.org/10.3389/fsysb.2023.1188430

	Introduction 
	Results 
	Genotype Identification of Offspring in AD Model DKO and DTG Mice 
	Methylation Screening Results of RRBS Sequencing in Hippocampal Tissue of DKO Mice 
	PPI Analysis 
	Single-Cell RNA Sequencing Analysis of Core Genes 
	Methylation Screening Results of FBLN1 Gene in Hippocampal Tissue of DKO Mice Based on RRBS Sequencing Data 
	Transcriptional Expression of FBLN1 Gene in Hippocampal Tissue of DKO and DTG Mice 
	Translational Expression of FBLN1 Gene in Hippocampal Tissue of DKO and DTG Mice 

	Discussion 
	Materials and Methods 
	Experimental Animals 
	Experimental Grouping 
	Collection of Tail Tissue from Offspring Mice 
	Collection of Hippocampal Tissue 
	Methods 
	DNA Extraction from Mice 
	Agarose Gel Electrophoresis Detection 
	Reduced Representation Bisulfite Sequencing (RRBS) 
	PPI (Protein–Protein Interaction) 
	Single-Cell Sequencing (ScRNA-Seq) 
	Extraction of DNA from Hippocampal Tissue 
	DNA Quality Identification and Integrity Assessment 
	Bisulfite Treatment 
	PCR Amplification and Product Recovery 
	Real-Time Quantitative Polymerase Chain Reaction (RT-PCR/QPCR) 


	Conclusions 
	References

