
Journal of Alzheimer’s Disease 101 (2024) 611–625
DOI 10.3233/JAD-240353
IOS Press

611

Identification of the Shared Gene Signatures
Between Alzheimer’s Disease and
Diabetes-Associated Cognitive Dysfunction
by Bioinformatics Analysis Combined with
Biological Experiment

Yixin Chena,b,c, Xueying Jid,∗ and Zhijun Baoa,b,c,∗
aDepartment of Gerontology, Huadong Hospital Affiliated to Fudan University, Shanghai, China
bResearch Center on Aging and Medicine, Fudan University, Shanghai, China
cShanghai Key Laboratory of Clinical Geriatric Medicine, Shanghai, China, Fudan University, Shanghai, China
dDepartment of General Practice, Huadong Hospital Affiliated to Fudan University, Shanghai, China

Accepted 3 July 2024
Pre-press 29 August 2024

Abstract.
Background: The connection between diabetes-associated cognitive dysfunction (DACD) and Alzheimer’s disease (AD)
has been shown in several observational studies. However, it remains controversial as to how the two related.
Objective: To explore shared genes and pathways between DACD and AD using bioinformatics analysis combined with
biological experiment.
Methods: We analyzed GEO microarray data to identify DEGs in AD and type 2 diabetes mellitus (T2DM) induced-DACD
datasets. Weighted gene co-expression network analysis was used to find modules, while R packages identified overlapping
genes. A robust protein-protein interaction network was constructed, and hub genes were identified with Gene ontology
enrichment and Kyoto Encyclopedia of Genome and Genome pathway analyses. HT22 cells were cultured under high glucose
and amyloid-� 25–35 (A�25-35) conditions to establish DACD and AD models. Quantitative polymerase chain reaction with
reverse transcription verification analysis was then performed on intersection genes.
Results: Three modules each in AD and T2DM induced-DACD were identified as the most relevant and 10 hub genes were
screened, with analysis revealing enrichment in pathways such as synaptic vesicle cycle and GABAergic synapse. Through
biological experimentation verification, 6 key genes were identified.
Conclusions: This study is the first to use bioinformatics tools to uncover the genetic link between AD and DACD. GAD1,
UCHL1, GAP43, CARNS1, TAGLN3, and SH3GL2 were identified as key genes connecting AD and DACD. These findings
offer new insights into the diseases’ pathogenesis and potential diagnostic and therapeutic targets.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease, is one of the main causes of senile dementia.1

Type 2 diabetes mellitus (T2DM) can lead to
diabetes-associated cognitive dysfunction (DACD),
a complication affecting the central nervous sys-
tem. DACD encompasses functional abnormalities
and brain pathology resulting from metabolic disrup-
tions inherent to diabetes, manifesting as a chronic
and progressive cognitive decline. A growing body of
research indicates that DACD accelerates brain aging,
previous research had revealed that diabetic mice
exhibit neuronal loss in the cortex or hippocampus.2

In this process, chronic hyperglycemia environ-
ment in brain plays an important role.3 DACD
shares the same neuropathological changes with
AD, such as A� accumulation, abnormal tau pro-
tein phosphorylation, and others.4–6 The mechanisms
underlying these changes are thought to involve an
upsurge in the production of A� and phosphorylated-
Tau (p-Tau) proteins. The activity of α-secretase,
which is involved in non-amyloidogenic processing,
decreases, while the activity of �-secretase, which is
involved in amyloidogenic processing, increases and
this shift in enzyme activity results in an increased
production of A� from the amyloid-� protein precur-
sor (A�PP). Additionally, the p-Tau protein, a protein
critical for maintaining the structure and function
of nerve cells, is primarily regulated by an enzyme
called glycogen synthase kinase (GSK), when the
activity of GSK-3� increases, leading to excessive
p-Tau protein.

Although growing evidence support that there
is complex connection between DACD and AD,
the relationship at the genetic and molecular levels
remains unclear. With the advent of an aging soci-
ety, the incidence of cognitive impairment diseases
like DACD and AD is expected to increase, deeply
research into its pathogenesis is beneficial for identi-
fying therapeutic targets and providing new insights
for treatment, which carries important clinical and
social significance.

With the rapid advancement and cost reduction
of high-throughput sequencing technologies, a vari-
ety of sequencing techniques have become prevalent
in the investigation of multifactorial and complex
diseases such as AD.7 In recent years, abounds of
significant progress in developing integrated analy-
sis techniques which leverage biological networks to
extract essential information from the vast amount of
data in histology. These techniques are designed to

unravel the intricate interactions among crucial pieces
of information and extract meaningful insights.8

Among them, Weighted gene co-expression network
analysis (WGCNA) is a systems biology method to
describe gene correlation patterns between microar-
ray samples.9 Widely applied, these methods play
key roles in pinpointing hub genes implicated in the
progression of various diseases.

In this study, we utilized this method to constructed
a network based on the gene expression data from
the Gene Expression Omnibus (GEO) database of
the National Center for Biotechnology Information
(NCBI) to find out key modules acting on progres-
sion both in AD and T2DM induced-DACD,10 then
identifying relevant modules and overlapping genes.
Cytoscape was used to recognize hub genes in the
protein-protein interaction (PPI) network constructed
by Search Tool for the Retrieval of Interacting Genes
(STRING) database. We constructed two disease
models separately and carried out the quantitative
polymerase chain reaction with reverse transcrip-
tion (RT-qPCR) analysis, further elucidating the key
genes.

METHODS

Dataset preparation

Gene expression dataset GSE118553 and
GSE161355 were both downloaded from GEO.
Based on the GPL10558 platform, the dataset of
GSE118553 contains 27 normal samples, 33 asymp-
tomatic AD (AsymAD) and 52 AD subjects. There
samples come from different regions of brain, such
as entorhinal cortex, temporal cortex, frontal cortex,
and cerebellum. AsymAD samples were excluded
in this study. The GSE161355 dataset based on
GPL570 was downloaded, containing 6 patients with
self-reported T2DM induced-DACD in the Cognitive
Function and Ageing Study neuropathology cohort,
and 5 age and sex-matched controls.

Identification of DEGs

These datasets were preprocessed by extracting
sample information, constructing gene expression
matrix and converting probe names into gene names.
Utilize the limma R software package to perform gene
differential analysis.11 Differentially expressed genes
(DEGs) with p < 0.05 were screened. DEGs with |log-
fold change (logFC)|> 0.0715 in GSE118553 and
|logFC|> 0.042 in GSE161355 were further investi-
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gated. R software was utilized to create a heatmap for
differential gene clustering and a volcano plot.

WGCNA network construction and module
identification

All genes in GSE118553 and GSE161355 were
sequenced according to the significance of differen-
tial expression, and the top 5000 mad genes were
selected for analysis. The DEGs were used WGCNA
R package to construct a co-expression network
with corresponding clinical symptoms, respectively.9

The “Hculst” function in the R language was uti-
lized to perform cluster analysis on the samples and
exclude outliers. According to the criterion of scale-
free topology, the “pickSoftThreshold” function of
WGCNA calculated the soft thresholding power (�)
(scale-free R2 = 0.85). The “adjacency” function was
employed to transform the gene expression similarity
matrix into an adjacency matrix, using the soft thresh-
olding parameter �. The blockwiseModules function
was used for network construction and module detec-
tion to generate topological overlap matrix (TOM) of
co-expressed gene modules with minModuleSize of
30 and mergeCutHeight of 0.25. The module mem-
bership (MM) was defined as the correlation of gene
expression profile with module eigengenes (ME), to
evaluate the relationship between gene modules and
clinical traits, MEs which defined as the primary
key constituents computed by means of principal
component analysis were calculated via Pearson’s
correlation test. The modules with a p < 0.05 were
thought to be significant in the interactions with clin-
ical features. The associations of individual genes
with each group (control, two kinds of diseases) were
quantified by Gene Significance (GS) value. Thus,
the hub genes were chosen based on GS > 0.2 and
MM > 0.8.12

Identification of shared genes and pathway
enrichment

The biological correlations between GSE118553
and GSE161355 modules were determined by seman-
tic similarity using the Disease Ontology Semantic
and Enrichment analysis (DOSE) package.13,14 The
results with a correlation score ≥0.85 were defined
as significant, indicating that the two modules had a
certain correlation in biological function. The DEGs
within related modules were analyzed with Venn
tool (Http://www.bioinformatics.com.cn/) to define
the common genes. The overlapping genes selected

were analyzed by the online Search Tool for the
Retrieval of Interacting Genes (STRING database,
Version 11.5; https://cn.string-db.org/) to construct
PPI network. The PPI network was visualized by
the Cytoscape software.15 The common genes in
the network were screened by node degree, and the
genes which had intense relevance were filtrated to
as hub genes. Core genes involved in the pathogene-
sis of GSE118553 and GSE161355 were interpreted
by clusterProfiler package in R to perform Gene
Ontology (GO) terms enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
ways analyses.16 Statistical significance was set at
p < 0.05.

Cell culture and medicine stimulation

HT22 mouse hippocampal neuron cells (obtained
from the Chinese Academy of Sciences, Shang-
hai, China) were cultivated in Dulbecco’s Modified
Eagle’s medium (DMEM, Hyclone), supplemented
with 10% fetal bovine serum (FBS, Hyclone), and
maintained in a 37◦C incubator with 5% CO2.

HT22 cells require a glucose concentration of
25 mM for optimal growth and survival.17 Therefore,
the HT22 cells cultured in DMEM medium with a
basal glucose concentration of 25 mM were consid-
ered as the normal glucose (NG) group. To assess the
impact of varying glucose concentrations on HT22
cells, an extra dose of either 5 mM, 25 mM, or 50 mM
glucose was provided in 24 hours and an additional
50 mM of glucose was provided in the high glucose
(HG) group.18 A mannitol (50 mM of D-mannitol)
was used as the osmotic control for HG.

The method for preparing A�25-35 oligomers was
as follows: A�25-35 was dissolved in distillation-
distillation H2O (ddH2O), filtered, aliquoted, and
placed in a 37◦C incubator for 5 days. Then immedi-
ately stored at –20◦C as a stock. To assess the impact
of varying A�25-35 concentrations on HT22 cells,
HT22 cells were divided into 5 groups. The blank
group was treated with a basic culture medium, while
the other groups were treated with A�25-35 protein
at final concentrations of 5 �M, 10 �M, 20 �M, and
40 �M respectively in 24 hours and 40 �M of A�25-35
was selected as the modeling concentration for the
cells.19

Cell counting Kit-8 (CCK-8) assay

The cells were plated in 96-well plates and treated
accordingly. Afterward, the culture medium was aspi-

Http://www.bioinformatics.com.cn/
https://cn.string-db.org/
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rated, and a combination of 100 �L of fresh medium
and 10 �L of CCK-8 (Beyotime, Shanghai, China)
was added. The cells were then incubated for an addi-
tional 2 h at 37◦C, and the absorbance at a wavelength
of 450 nm was measured.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)

The TUNEL apoptosis assay was performed using
a One-step TUNEL in situ apoptosis detection kit
(Elabscience, Wuhan, China). After fixing the cell
samples with 4% paraformaldehyde and permeabi-
lizing them with 0.2% Triton-X100, the staining
working solution for TUNEL staining was prepared
according to the instructions provided by the man-
ufacturer. The nuclei were then stained using a
4’,6-diamidino-2-phenylindole (DAPI) staining solu-
tion and washed with phosphate-buffered saline
(PBS) before being examined under a fluorescence
microscope.

Western blotting

The HT22 cells were homogenized and lysed with
a lysis buffer (RIPA with protease and phosphatase
inhibitor). Total protein concentrations were deter-
mined using a Bicinchoninic Acid (BCA) Protein
Assay Kit (Beyotime, Shanghai, China). Those pro-
teins were loaded, electrophoresed and transferred to
Polyvinylidene Fluoride (PVDF) membranes. Mem-
branes were blocked in 5% Bovine Serum Albumin
(BSA) and incubated with rabbit anti-phospho-Tau
(1:1000, ABclonal), anti-Tau (1:1000, ABclonal)
and �-Tubulin (1:1000, ABclonal). Membranes were
rinsed and incubated with Horseradish Peroxidase
(HRP)-conjugated secondary antibodies (1:10000,
ABclonal). Bands were visualized using Enhanced
Chemiluminescence (ECL) substrates, and its inten-
sity was analyzed with Image J software.

RT-qPCR

HT22 cells were suspended in Trizol reagent (Bey-
otime, Shanghai, China) for RNA extraction. Then,
the total RNA was converted into cDNA templates
through reverse transcription using the All-in-One
cDNA Synthesis SuperMix kit. Subsequently, gene
expression was examined by RT-qPCR and calculated
with the formula 2–��Ct method (Vazyme, Nanjing,
China). GAPDH was used as a normalization control.

Statistical analysis

The results obtained from a minimum of three
independent experiments were subjected to statis-
tical analysis using the student’s t-test (for two
groups) or one-way analysis of variance (ANOVA,
for multiple groups). The data were presented
as mean ± standard deviation (SD). Statistical sig-
nificance was determined at a p-value less than
0.05. The notation ∗p < 0.05, #p < 0.05, ∗∗p < 0.01,
##p < 0.01, ∗∗∗p < 0.001, ###p < 0.001, ∗∗∗∗p < 0.0001
and ####p < 0.0001 were used to indicate different
levels of statistical significance.

RESULTS

Identification of DEGs and gene co-expression
modules WGCNA

20,392 DEGs were obtained between AD and
normal samples, in these DEGs, 4,240 genes were
upregulated and 3,492 were downregulated (Fig. 1A).
We screened the GSE161355 dataset to get 54,675
DEGs between T2DM induced-DACD and normal
controls, of these DEGs, 431 genes were upregulated
and 962 were downregulated (Fig. 1B).

Select the top 5,000 differentially expressed genes
in each of the two gene sets for WGCNA analy-
sis. Outliers were checked by sample clustering, and
no samples were removed in either GSE118553 or
GSE161355. In order to guarantee a scale-free net-
work, we assessed the scale-free fit index and average
connectivity. In GSE118553, we choose 15 as the soft
thresholding power (�) (scale-free R2 = 0.85), and
finally get 5 modules. The grey module was excluded
as it represented non-clustered genes. Genes in blue
(r = –0.14, p = 0.02), brown (r = –0.16, p = 0.006), and
turquoise (r = –0.17, p = 0.004) modules were nega-
tively correlated with AD (Fig. 1C, D). In addition,
25 modules in GSE161355 were obtained with a
soft power of � = 7 (scale-free R2 = 0.85). The result
demonstrated that green yellow (r = –0.59, p = 0.04),
dark green (r = –0.63, p = 0.04), grey60 (r = –0.63,
p = 0.04), brown (r = –0.68, p = 0.02), blue (r = –0.68,
p = 0.02), black (r = –0.81, p = 0.002) modules were
negatively while the salmon (r = 0.64, p = 0.03) mod-
ules were positively correlated T2DM (Fig. 1E, F).

Identification of shared genes and pathway
enrichment

These correlated modules were analyzed by the
DOSE R package to identify the correlations between
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Fig. 1. Identification of DEGs and Gene Co-expression Modules WGCNA. A, B) The volcano plots of AD and T2DM induced-DACD. Each
row represents a module eigengene, and columns represent a trait. Each cell contains the correlation between the module eigengenes and
traits, and the corresponding p-values. p-values less than 0.05 are considered significant. Dendrogram of all genes in the GSE118553 (C) or
GSE161355 (E) dataset was clustered on the basis of a topological overlap matrix (1-TOM). Each branch in the clustering tree represents a
gene, while co-expression modules were constructed in different colors. D) Three modules are related to AD. F) Six modules are related to
T2DM induced-DACD. AD, Alzheimer’s disease; T2DM, type 2 diabetes mellitus; DACD, diabetes-associated cognitive dysfunction.
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AD and T2DM induced-DACD. The correlation coef-
ficient of the two modules is greater than or equal to
0.85, which is considered to be closely related. The
results showed that blue module in AD had strong
correlation with brown (r = 0.89), blue (r = 0.87), and
grey60 (r = 0.85) module in T2DM induced-DACD,
the brown module in AD had sensitive relevance with
brown (r = 0.89), blue (r = 0.88), and grey60 (r = 0.85)
module in T2DM induced-DACD, and turquoise
module in AD is closely related to brown (r = 0.92)
and blue (r = 0.91) module in T2DM induced-DACD
(Fig. 2A). The intersection of the AD and T2DM
induced-DACD related modules was drawn by a Venn
diagram, and 51 intersection genes were obtained,
which are potential crosstalk genes between both dis-
eases (Fig. 2B).

AD and T2DM induced-DACD shared genes were
analyzed with the STRING database and visualized
with Cytoscape. In the PPI network visualized by
Cytoscape, screened out genes by sorting the node
degree. Node size was directly proportional to the
degree of clinical significance which measured by
|logFC|. In summary, we screened out 10 most rele-
vant genes (GAD1, CARNS1, ELAVL4, SNAP25,
TAGLN3, GAP43, SLC12A5, UCHL1, INA and
SH3GL2) (Fig. 2C).

GO and KEGG enrichment analyses were per-
formed on the above 10 genes to explore the common
regulatory pathways. In the above modules, we real-
ized that shared genes functions associated with AD
and T2DM induced-DACD were mainly focused on
biological processes in vesicle- mediated transport in
synapse and synaptic vesicle cycle. The genes were
mainly concentrated on the KEGG pathways related
to GABAergic synapse (Fig. 2D, E). The results of
the GO and KEGG enrichment analysis are consistent
with existing reports for the two diseases, indicating
that the results are reliable.

Cell apoptosis of HG-cultured and
Aβ25-35-cultured HT22 cells was increased

HT22 cells were stimulated with varying concen-
trations of glucose or mannitol. The dose-dependent
increase in cell apoptosis was observed with different
glucose concentrations, especially in the HG (50 �M)
group, as compared to the NG group (Fig. 3A).
Moreover, no significant disparity in cell apoptosis
was observed between the NG and mannitol groups,
thereby negating the potential impact of osmolarity
on cell apoptosis. We also determined that the dosage
of A�25-35 oligomer needed to construct a cell model

of AD was 40 �M (Fig. 3B). TUNEL staining showed
that HG treat and A�25-35 treat enhanced cell apop-
tosis (Fig. 3C).

Aggravated p-Tau proteins were observed in
HG-cultured and Aβ25-35-cultured HT22 cells

The accumulation of p-Tau proteins associated
with AD-like pathology, can induce neuronal apop-
tosis, resulting primarily in cognitive decline and
impaired memory and learning functions.20 In our
study, we observed a significant increase in the
expression of p-Tau/Tau ratio in the group with HG
group and A�25-35 treat group compared to the con-
trol group (Fig. 3D).

Demonstration of the expression of shared genes
in HG-cultured and Aβ25-35-cultured HT22 cells

To further demonstrate the expression of shared
genes in HG-cultured and A�25-35-cultured HT22
cells, we performed RT-qPCR in cell modules from
intervention samples and control samples. The results
showed that GAD1, CARNS1, TAGLN3, GAP43,
SLC12A5, UCHL1and SH3GL2 expression was
clearly decreased in HG-cultured HT22 cells sam-
ples compared with control samples, and GAD1,
CARNS1, ELAVL4, SNAP25, TAGLN3, GAP43,
UCHL1, INA and SH3GL2 expression was dis-
tinctly decreased in A�25-35-cultured HT22 cells
samples compared with control samples (Fig. 4A-
J). This finding suggested that GAD1, UCHL1,
GAP43, CARNS1, TAGLN3 and SH3GL2 were the
shared genes in two diseases, which is consistent
with previous findings in DEGs of AD and T2DM
induced-DACD.

DISCUSSION

DACD is a condition where diabetes mellitus (DM)
contributes to a decline in cognitive function and an
increased risk of dementia and it is strongly linked
to a higher mortality rate.21,22 AD, the most preva-
lent form of dementia, is an escalating global public
health issue with significant ramifications for indi-
viduals and communities.23 What interests us more is
that the AD and DACD share some of the same patho-
logical mechanisms. Previous studies have inspired
us to study the link between the two diseases by ana-
lyzing GEO database resources with bioinformatics
tools.24–26 They went further by directly the over-
lapping DEGs in the two disease datasets while in
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Fig. 2. Identification of shared genes and pathway enrichment. A) The correlation analysis between each module in AD and T2DM induced-
DACD. B) Identification of common genes between correlated modules in AD and in T2DM induced-DACD by overlapping them. 51 genes
were common genes between genes in AD (red) and T2DM induced-DACD (green). C) Based on STRING database, PPI networks of the
shared genes were constructed. The PPI networks were visualized with Cytoscape software. Node size is directly proportional to the degree
of gene connectivity. D) The GO analysis of these genes. E) The KEGG pathway analysis of these genes. GO, gene ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; PPI, protein-protein interaction.

our study, we integrated the transcriptomes of AD
and T2DM induced-DACD and used WGCNA for
the first time to explore the common mechanism
between the two, revealing potential shared genes
and crosstalk pathways. By taking the intersection

of WGCNA important module genes and DEGs,
we found blue, turquoise and brown modules to
be associated with AD, while dark green, grey60,
green yellow, black, brown, blue and salmon modules
to be related with T2DM induced-DACD signifi-
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Fig. 3. Cell apoptosis and tau hyperphosphorylation of HG-cultured and A�25-35-cultured HT22 cells was increased. A) The viability of
HT22 cells was measured using a CCK-8 assay to explore the cytotoxicity of glucose and mannitol toward HT22 cells. Cells were treated
with glucose and mannitol respectively (0, 5, 25, or 50 �M) for 24 h. B) The viability of HT22 cells was measured using a CCK-8 assay
to explore the cytotoxicity of A�25-35 toward HT22 cells. Cells were treated with A�25-35 (0, 5, 10, 20, or 40 �M) for 24 h. C) Cell death
was detected using a TUNEL (Red) assay. Quantification of the fluorescence intensity of HT22 cells using ImageJ software. D) HT22 cells
were treated with high glucose (50 �M) and 40 �M A�25-35 oligomer for 24 h. Levels of p-Tau, tau and p-Tau/Tau were measured using
western blotting, and �-Tubulin was used as the loading control, n = 3. Quantification of the gray value using ImageJ software. The data are
presented as the means ± SD of three experiments. ∗p < 0.05, #p < 0.05, ∗∗p < 0.01, ##p < 0.01, ∗∗∗p < 0.001, ###p < 0.001.

cantly. Further, we conducted correlation analysis
of these modules together and select the most rel-
evant modules, including blue, turquoise and brown

modules in AD and brown, grey60 and blue mod-
ules in T2DM induced-DACD. Upon integration, we
screened the final set of “significant” overlapping
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Fig. 4. RT-PCR for the expression of common genes in HG-cultured HT22 cells samples and A�25-35-cultured HT22 cells samples compared
with control samples. ∗p < 0.05, #p < 0.05, ∗∗p < 0.01, ##p < 0.01, ∗∗∗∗p < 0.0001 and ####p < 0.0001.
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genes that GAD1, CARNS1, ELAVL4, SNAP25,
TAGLN3, GAP43, SLC12A5, UCHL1, INA and
SH3GL2. We then described several intersection
genes in these modules, most of which are enriched
in synaptic vesicle cycle and GABAergic synapse.

We established cellular models through interven-
tion with high glucose (50 �M) and A�25-35(40 �M)
and observed an increase in neuronal apoptosis, a
direct cause of memory and learning impairment, in
HT22 cells cultured with high glucose or A�25-35.
When there is a disturbance in the equilibrium
between the generation and removal of proteins asso-
ciated with AD, the accumulation of proteins like
p-Tau can occur either outside or within the neurons,
resulting in extensive neuronal death. According to
reports, DACD, like AD, also exhibits neurodegen-
erative changes, and an increase in p-Tau protein is
one of the important alterations.27 Elevated levels of
p-Tau protein can destabilize the neuronal cytoskele-
ton and hinder axonal transport, leading to synaptic
dysfunction and gradual neurodegeneration once a
pathological threshold is surpassed.28 Our research
validates the existence of excessive AD-like charac-
teristics in HT22 cells cultured in high glucose or
A�25-35 conditions.

Moreover, we identified 10 hub genes, respectively,
in HT22 cells cultured with high glucose or A�25-35.
The difference in the expression of 6 hub genes that
GAD1, UCHL1, GAP43, CARNS1, TAGLN3 and
SH3GL2 among the high glucose or A�25-35 groups
and control groups were significantly different, which
are likely to be potential crucial genes and therapeutic
targets for AD and DACD.

Gamma-aminobutyric acid (GABA) is the most
abundant inhibitory amino acid neurotransmitters
in the brain,29 shaping the activity of brain tissue
and providing a homeostatic stability to the ner-
vous system and networks by preventing uncontrolled
hyperexcitability,30 GABAergic neurotransmission
is mediated by the ionotropic GABAA receptors
(GABAARs),31 the metabotropic GABAB receptors
(GABABR),32 GABA transporters, and synthesiz-
ing and metabolizing enzymes. Though functional
enrichment analysis, we found shared genes were
focus on synaptic vesicle cycle and GABAergic
synapse.

GABA plays a significant role in the development
of AD. Numerous studies have documented reduced
levels of GABA in both the cerebrospinal fluid (CSF)
and temporal cortex of individuals with AD33,34

and expression of GABA transporter also changes
in human AD hippocampus, subiculum, entorhinal

cortex and superior temporal gyrus.35 It has been
revealed that the subunit composition of GABAARs
is altered in certain regions of the cortex and hip-
pocampus in AD,36 while in a mouse model of AD,
reduction in the neuronal surface of post and presy-
naptic GABAARs receptors in the hippocampus37,38

and complete restoration of impaired spike probabil-
ity, synaptic plasticity, and learning and memory in
a mouse model of AD can be achieved by inhibit-
ing the production or release of GABA from reactive
astrocytes.39

In patients with DM, studies show an elevation
in GABA levels within the medial prefrontal cortex,
and these elevated GABA levels are inversely associ-
ated with memory function.40 These findings imply
a potential link between aberrant GABA levels in the
medial prefrontal cortex, alterations in the GABAer-
gic system, and episodic memory impairment in
individuals with DM.41 In vivo experiment, there is
a marked elevation in glutamine levels, along with
significant reductions in GABA and glutamate con-
centrations, in the brains of db/db mice. Specifically,
a notable decrease in GABA is observed solely in the
hippocampus and parietal lobe of db/db mice exhibit-
ing impaired cognition.42 Studies have shown that
hyperglycemia or hyperinsulinemia, the sensitivity of
GABAARs and the functions of GABAergic neurons
in the hippocampus increases, which may contribute
to diabetic autonomic dysregulation and glucose
neurotoxicity.43,44 Insulin promotes the accumula-
tion of GABAARs at post-synaptic membranes and
is involved in the translation of postsynaptic density
protein-95 (PSD-95).45 The aforementioned research
indicates a strong link between cognitive impair-
ment in individuals with DM and alterations in the
metabolism or synthesis of GABA in the brain. There-
fore, we speculated that dysfunction of GABAergic
synapse might lead to AD and DACD, and those
shared genes are almost closely related to this biology
process.

Among these shared genes, the GAD1 gene with
high functional significance was selected as a cen-
tral shared gene related to two diseases. GAD1,
glutamate decarboxylase 1, encodes the glutamate
decarboxylase enzyme glutamic acid decarboxy-
lase 67 (GAD67) which is a critical actor of the
GABA metabolism as it catalyzes the decarboxy-
lation of glutamic acid to form GABA.46 GAD67
is distributed throughout the cell in the brain, and
over 90% of the basal GABA is synthesized by
GAD67.47 Studies show that dysfunction of GAD67
has been associated with several neurological disor-
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ders, including schizophrenia,47 bipolar disorders48

and Parkinson’s disease.49 And in researches about
AD, researchers observed significant downregula-
tions of GAD1 and GAD67 along with both AD
pathology and cognitive function in AD mouse mod-
els with abnormal astrocytic GABA and excessive
GABA tonic increasement.50

Okada et al. discovered that the concentration of
GABA within the islet is equivalent to the concentra-
tions found in neurons. Subsequently, they conducted
measurements of GAD activity and GABA concen-
trations in human insulinoma, providing confirmation
that GAD is expressed in human beta cells and that
GABA synthesis decreases.51 The GABA content
in islets is said to be notably decreased in human
islets obtained from donors with T2DM.52,53 In the
brains of mammals, one of the isoforms GAD, namely
glutamic acid decarboxylase 65 (GAD65)54 medi-
ates transport of the product GABA into the synaptic
vesicle lumen, where it accumulates in preparation
for regulated secretion during GABA-producing neu-
rons, as the same as the process in islets beta cells.55

Zheng et al.56employed metabonomic profiles to
delineate that in hippocampus of db/db mice with
DACD, GAD were attenuated compared with WT
mice. In two diseases cell models, we detected a sig-
nificant reduction in GAD1 expression that aligns
with previous research results, so we consider that
alterations in the functioning of glutamatergic neu-
rons which GAD1 participated in could potentially be
a contributing factor to the neurological impairment
in AD and DACD.

UCHL1 (Ubiquitin carboxy-terminal hydrolase
L1) is a de-ubiquitinating enzyme with important
functions in recycling of ubiquitin which we had
identified its expression in biological experiment.57

Studies indicate that reduced UCHL1 activity or
UCHL1 gene deficiency enhance the degradation of
beta site amyloid precursor protein cleaving enzyme
1 (BACE1) and result in an increase in A� production.
Consistent with these discoveries, diminished levels
of UCHL1 have been observed in both human cases
and mouse models of AD.58 UCHL1 improvement
alone induces extracellular insoluble hyperphospho-
rylated tau aggregates and A� deposits in dentate
gyrus (DG) area of the hippocampus.59 However,
the expression of UCHL1 is different in brain tissue
and CSF in AD patients. At the preclinical stage of
AD, there was a notable elevation observed in the
levels of CSF UCHL1 in AD patients.60 D Allan
Butterfield et al. asset the oxidative and nitrosative
modifications of UCHL1 play a significant role in the

mechanisms underlying neuronal death, not only in
the severe form of the degenerative condition known
as AD but also in its earlier stage referred to as
mild cognitive impairment.61 Many researches indi-
cated medicines exposure clears the accumulation of
neuropathic protein A� by improving UCHL1.61–63

Our study also found a significant decrease in the
expression of UCHL1 in the A�25-35 treatment cell
model, consistent with the findings reported in the
literature. UCHL1 was identified as abundant pro-
tein in rat and human beta cells, showing promising
beta cell-selectivity, and be considered as a potential
biomarker for destruction of pancreatic beta cells.64

Safia et al.65 demonstrates that impaired UCHL1
function could potentially play a role in the early
susceptibility of pancreatic �-cells to protein mis-
folding and proteotoxicity, which are characteristic
abnormalities observed in the islets of individuals
with DM. Diabetic sensory neuropathy (DSN) is one
of the most common complications of T2DM, the
absence of UCHL1 leads to DSN-like characteristics
in flies’ legs, such as insensitivity to external painful
stimuli and degeneration of sensory neuron axons,
while the enhancement of UCHL1 expression can
govern insulin signaling by deubiquitinating insulin
receptor substrate 1 (IRS1) and antagonizes an E3
ligase of IRS1, Cullin 1 (CUL1) to ameliorates DSN-
like abnormalities.66 Based on the role of UCHL1
in DM neuropathy, we speculate that UCHL1 may
play an important role in the pathological process
of DACD. Nevertheless, the role of UCHL1 in this
process remains unclear, and further research is still
needed in the future.

Growth-associated protein-43 (GAP43) is a presy-
naptic membrane protein predominantly found in the
hippocampus and related cortex, playing a role in con-
trolling synapse formation, synaptic plasticity, and
axon extension in the mature brain.67 We validated
the GAP43 gene successfully in two cell models.
Researches had revealed that GAP43 plays a regu-
latory role in the clustering of gephyrin, a crucial
protein responsible for the aggregation of postsy-
naptic GABAARs, in developing neurons of the
cerebral cortex.68 Examinations conducted posthu-
mously revealed a noticeable decline in GAP43
expression in the frontal cortex and certain regions
of the hippocampus within the brains of individuals
with AD.69 Another findings have provided com-
pelling evidence demonstrating an elevation in CSF
levels of GAP43 in individuals with AD.70,71 Upreg-
ulating the GAP43 expression led to improve nerve
damage in AD mouse models.72 Studies show that
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the preventive effect of many kinds of medicines
against diabetic neuropathy and neurodegeneration
involves correction of neuronal plasticity by enhanc-
ing the expression of GAP43.73,74 However, the role
of GAP43 in the pathological process of DACD
had few studies. Additional translational research is
required to obtain conclusive evidence supporting
the notion that targeting the improvement of GAP43
could serve as a promising therapeutic strategy for
DACD.

Our study found that TAGLN3, CARNS1, and
SH3GL2 are also important crosstalk genes between
AD and DACD, however, there are currently few
studies on these genes in above two diseases. Lau-
rie Arnaud et al. demonstrate that APOE controls
low-grade chronic inflammation in human astrocytes
by downregulating Transgelin 3 (TAGLN3) expres-
sion which involving histone deacetylases activity,
results in inflammation and hyperactivated inflamma-
tory responses in sporadic AD patients and TAGLN3
can be a potential biomarker for AD.75

Amilcare et al. find that increasement of carno-
sine synthase 1 (CARNS1) expression treatment
produces positive effects on blood sugar levels and
reduction in body weight in mice treated with strepto-
zotocin by protecting the insulin gene products in the
pancreas.76 Overexpression of SH3GL2 (endophilin
A1) exacerbates A�-induced mitochondrial dys-
function, synaptic injury, and cognitive decline via
reactive oxygen species/p38 mitogen-activated pro-
tein kinase in AD mouse models, this previous finding
is inconsistent with our verification results77 and
need further identification. However, currently there
is no available research that has identified the role
of TAGLN3 and SH3GL2 in DACD and the role of
CARNS1 in the pathogenesis of AD and DACD, so
these genes need more research as to whether they
may be new candidate markers for identifying and
treating the two diseases.

There are some shortcomings in this study: 1)
we use the undifferentiated HT22cells instead of
differentiated HT22 cells, though there is no signif-
icant difference between the undifferentiated HT22
cells and the differentiated HT22 cells in the exper-
iments to detect cell function and abnormal protein
deposition, differentiated HT22 cells are more sus-
ceptible to toxic insults and which is suitable in
further research related to glutamate excitability; 2)
we use high glucose treatment which can simulate
the condition of diabetes to culture cells in experi-
ment to explore the close relationship between neuron
apoptosis and abnormal phosphorylated-tau protein

deposition, while this condition could not totally
simulate the pathological environment in T2DM, in
future we need more research to solve this.

Conclusion

We illustrated the GABAergic synapse might be
a vital pathway affecting the pathogenesis of AD
and DACD, and identified GAD1, UCHL1, GAP43,
CARNS1, TAGLN3 and SH3GL2 as hub genes of
AD and DACD. Our research results are enough to
show that there is a close correlation between the two
diseases, and these findings provide a basis for future
research and new potential therapeutic targets for the
future treatment of the two diseases.
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