CNS Neuroscience & Therapeutics WI L EY

CN'S Neuroscience & Therapeutics

| oRIGINAL ARTICLE CEIEED

Novel Insights Into DLAT's Role in Alzheimer's
Disease-Related Copper Toxicity Through Microglial
Exosome Dynamics

Xiang Ma! | Yusheng Sun! | Changchun Li? | Man Wang! | Qijiao Zang! | Xuxia Zhang! | Feng Wang? | Yulan Niu? |
Jiai Hua!

!Laboratory of Biochemistry and Pharmacy, Taiyuan Institute of Technology, Taiyuan, P. R. China | ?Department of Chemistry and Chemical Engineering,
Taiyuan Institute of Technology, Taiyuan, P. R. China

Correspondence: Yulan Niu (niuyl@tit.edu.cn) | Jiai Hua (Huaja@tit.edu.cn)
Received: 28 January 2024 | Revised: 10 August 2024 | Accepted: 3 September 2024
Funding: This work was supported by Shanxi Province Science Foundation, 20210302124333.

Keywords: 5xFAD transgenic model | exosome-mediated signaling | gene expression profiling in AD | neurodegeneration mechanisms | neuronal
copper toxicity | therapeutic target discovery

ABSTRACT

Background: Alzheimer's disease (AD) is a complex neurodegenerative disorder, with recent research emphasizing the roles of
microglia and their secreted extracellular vesicles in AD pathology. However, the involvement of specific molecular pathways
contributing to neuronal death in the context of copper toxicity remains largely unexplored.

Objective: This study investigates the interaction between pyruvate kinase M2 (PKM2) and dihydrolipoamide S-acetyltransferase
(DLAT), particularly focusing on copper-induced neuronal death in Alzheimer's disease.

Methods: Gene expression datasets were analyzed to identify key factors involved in AD-related copper toxicity. The role of
DLAT was validated using 5xFAD transgenic mice, while in vitro experiments were conducted to assess the impact of microglial
exosomes on neuronal PKM2 transfer and DLAT expression. The effects of inhibiting the PKM2 transfer via microglial exosomes
on DLAT expression and copper-induced neuronal death were also evaluated.

Results: DLAT was identified as a critical factor in the pathology of AD, particularly in copper toxicity. In 5XFAD mice, in-
creased DLAT expression was linked to hippocampal damage and cognitive decline. In vitro, microglial exosomes were shown to
facilitate the transfer of PKM2 to neurons, leading to upregulation of DLAT expression and increased copper-induced neuronal
death. Inhibition of PKM2 transfer via exosomes resulted in a significant reduction in DLAT expression, mitigating neuronal
death and slowing AD progression.

Conclusion: This study uncovers a novel pathway involving microglial exosomes and the PKM2-DLAT interaction in copper-
induced neuronal death, providing potential therapeutic targets for Alzheimer's disease. Blocking PKM2 transfer could offer new
strategies for reducing neuronal damage and slowing disease progression in AD.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2024 The Author(s). CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.
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1 | Introduction

Alzheimer's disease (AD), a prevalent neurodegenerative ail-
ment, manifests as a progressive decline in memory and cogni-
tive capabilities, particularly in the aging population globally [1].
Recently, an emergent research paradigm has spotlighted the
potential link between imbalanced copper ion homeostasis in
neurons and AD progression. Accumulated evidence suggests
that an overabundance of copper ions might instigate neuronal
oxidative stress, culminating in a phenomenon termed neuronal
copper death [2-5]. Nevertheless, the intricate molecular path-
ways that precipitate this neuronal copper dyshomeostasis re-
main shrouded in ambiguity [6].

Microglia, the predominant glial cells within the brain, under-
take pivotal roles encompassing immune response modulation,
neuroprotection, and homeostasis maintenance. Their neuro-
protective capabilities become particularly evident post neu-
ronal damage or injury [7-9]. Emerging literature postulates
that microglia, another type of glial cell, possess the ability to
alter neighboring cell functions by secreting extracellular vesi-
cles [10, 11]. Intriguingly, during the course of AD, these vesicles
could act as mediators, allowing microglial cells to modulate
neuronal functionalities, although the granular mechanisms
warrant deeper exploration [12].

The tricarboxylic acid cycle serves as a crucial core compo-
nent of organismal energy metabolism, necessitating the cat-
alytic conversion of glucose, fatty acids, and amino acids into
NADH, FADH, which in turn generate ATP through the elec-
tron transport chain (ETC). Many of these enzymatic reac-
tions are closely associated with sulfur-transferase proteins. In
mammals, there are primarily four sulfur-transferase-modified
proteins: DBT (component of the branched-chain a-keto acid
dehydrogenase complex), GCSH (glycine cleavage system pro-
tein H), DLST (component of a-ketoglutarate dehydrogenase
complex), and DLAT (component of pyruvate dehydrogenase
complex) [13]. Among these, DLAT is a crucial component of the
pyruvate dehydrogenase complex in the tricarboxylic acid cycle,
converting pyruvate to acetyl-CoA, which participates in the
tricarboxylic acid cycle [14]. Tsvetkov et al. found that sulfur-
containing proteins readily bind to cuprous ions. During copper
overload, copper ions can directly bind to the esterified proteins
within the tricarboxylic acid cycle, leading to oligomerization
of DLAT induced by the FDX1 (Ferredoxin 1)/LIAS (lipoic acid
synthase)-mediated lipoic acid (LA) pathway (sulfur pathway),
resulting in metabolic abnormalities in the tricarboxylic acid
cycle, triggering cellular protein toxicity stress and ultimately
cell death [15]. Recent studies have shown the upregulation of
DLAT expression in brain samples of AD cases, suggesting its
potential involvement in the pathogenesis of AD [16]. However,
whether the upregulation of DLAT expression in AD affects its
binding with copper ions, leading to neuronal copper death and
consequently AD occurrence, remains unclear.

Furthermore, PKM2, a cardinal glycolytic enzyme, stands
at the crossroads of cellular energy metabolism [17]. Recent

scientific endeavors hint at PKM2's capability to modulate
DLAT expression and activity, thereby potentially affecting
neuronal copper equilibrium [18]. Building upon this premise,
we postulate that microglial cells might employ extracellular
vesicles as conduits to transmit PKM2, subsequently influenc-
ing DLAT expression. This cascade might destabilize neuro-
nal copper balance, culminating in neuronal copper death.
Nevertheless, this hypothesis requires rigorous experimental
validation.

In this endeavor, we set forth to delineate the intricate mech-
anisms underpinning PKM2's influence on DLAT-mediated
neuronal death in AD, emphasizing the role of microglia-
derived extracellular vesicles. Harnessing the prowess of
high-throughput sequencing coupled with advanced bioin-
formatics, we aim to pinpoint genes manifesting differential
expression patterns in AD. Validating these gene signatures
using a mouse model will potentially unveil novel insights
into AD pathogenesis, paving the way for innovative diagnos-
tic and therapeutic stratagems.

2 | Materials and Methods

2.1 | Transcriptome Data and snRNA-Seq
Acquisition

Gene expression profiles relevant to AD were downloaded from
the Gene Expression Omnibus (GEO), specifically datasets
GSE97760 and GSE163857. These datasets include peripheral
blood samples from late-stage AD patients and control groups,
along with samples from AD model mice. Differential gene ex-
pression analysis was performed using the limma and edgeR
packages in R, adhering to thresholds of [logFCI>0.5 and p-
value <0.05. Data visualization tools such as ggplot2 and heat-
map facilitated the generation of volcano plots and heatmaps,
respectively [19].

Furthermore, the AD-related single-nucleus RNA sequencing
(snRNA-seq) dataset GSE140510 was obtained from the GEO
database, from which three samples of WT group and three
samples of AD group brain tissue single-nucleus samples were
selected.

2.2 | Gene Differential Expression Analysis

Differential gene expression analysis was conducted by
using the “limma” package in R to screen for differentially
expressed genes in dataset GSE97760 and by utilizing the
“edgeR” package for DEG selection in the high-throughput
sequencing dataset GSE163857. The selection criteria were
set at [logFCl> 0.5 and p-value <0.05. Subsequently, volcano
plots and gene differential expression boxplots were generated
using the “ggplot2” package in R, and a heatmap of gene ex-
pression differences was created using the “heatmap” pack-
age [19].
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2.3 | PPI Network Construction and Gene
Ontology (GO)/Kyoto Encyclopedia of Genes
and Genomes (KEGG) Enrichment Analysis

The intersection of differentially expressed genes linked to
copper toxicity from datasets and extracellular vesicle pro-
teins listed in the ExoCarta database was analyzed. Using the
STRING database and Cytoscape software, a PPI network was
constructed and visualized. Concurrently, GO and KEGG en-
richment analyses were performed using the KOBAS database
to identify significant pathways [20].

2.4 | Lasso Regression and SVM-RFE Analysis Are
Used to Select Disease-Related Feature Genes

Two machine learning algorithms, Support Vector Machine
Recursive Feature Elimination (SVM-RFE) and Least Absolute
Shrinkage and Selection Operator (LASSO), were used to
screen key copper death-related disease feature genes. SVM-
RFE is a widely used supervised machine learning protocol
that could be used for classification and regression, utilizing the
“e1071” package in the R programming language for analysis.
The SVM-RFE algorithm is used to identify genes with higher
discriminative power. LASSO is performed using the “glmnet”
package in R, representing a regression analysis algorithm that
applies regularization to variable selection. Taking the intersec-
tion of genes recognized by two algorithms, key genes related to
copper death-associated diseases were selected [21, 22].

2.5 | snRNA-Seq Analysis

snRNA-seq data analysis was performed using the “Seurat”
package (version 3.1) in R (https://github.com/satijalab/
seurat). Data quality control was conducted based on criteria
of 200<nFeature_RNA <5000 and percent.mt <20, followed
by the selection of the top 2000 highly variable genes based on
variance [23]. To reduce the dimensionality of the snRNA-seq
dataset, principal component analysis (PCA) was applied to the
highly variable genes. The top 20 principal components were
selected for downstream analysis using the Elbowplot function
in the Seurat package. Cell subgroups were identified using
the FindClusters function in Seurat with a default resolution
set at res=1. Subsequently, the UMAP algorithm was utilized
for nonlinear dimensionality reduction of the scRNA-seq se-
quencing data. Cell annotation was performed by integrating
known lineage-specific marker genes and leveraging the online
platform CellMarker (http://xteam.xbio.top/CellMarker/) for
annotation [24]. Cell communication analysis was conducted
using the “CellChat” package in R (https://github.com/sqjin/
CellChat).

2.6 | Constructing AD Transgenic Mouse Models

Three-month-old male 5XFAD transgenic mice (C57BL6 back-
ground) were purchased from the RAMP model (LM000176).
C57BL6 mice (213, Vital River, Beijing, China) were used as
the wild-type (WT) control group. The animals were housed
in SPF-grade animal rooms for 1week, with constant humidity

(45%-50%) and temperature (25°C-27°C). They were exposed to
12h of light and 12h of darkness each day to adapt to the exper-
imental environment. The Ethics Committee has approved all
animal experimental procedures for animal experiments in our
institute.

The male mice of WT and 5xFAD were divided into the follow-
ing seven groups (Figure S1): WT group; 5XFAD group (raised
until 6months of age); 5XxFAD +sh-NC group, injection of sh-
NC lentivirus; 5xFAD+sh-DLAT group, injection of DLAT
knockdown lentivirus; 5XxFAD 4+ M-exo-sh-NC +o0e-NC group,
injection of M-exo-sh-NC exosomes and oe-NC lentivirus;
5XFAD + M-exo-sh-PKM + oe-NC group, injection of M-exo-sh-
PKM exosomes and oe-NC lentivirus; and 5xFAD + M-exo-sh-
PKM +o0e-DLAT group, injection of M-exo-sh-PKM exosomes
and DLAT overexpression lentivirus. The lentivirus over-
expression system utilizes lentiviral vectors (LV4, Genewiz,
Shanghai, China) and interference vectors (pGLVUG6/GFP,
C06001, Genewiz, Shanghai, China) for construction. sh-DLAT
(Target sequence: CCATTGCTAGTGATGTTGTTT) and sh-NC
(CTCGCTTGGGCGAGAGTAA) [25]. The lentivirus was pur-
chased from Sigma-Aldrich (USA) and titrated to 10° TU/mL.
Dissolve the virus in 5uL of sterile PBS.

At 4months of age, mice were anesthetized with isoflurane
using the SomnoSuite low-flow anesthesia system (Kent
Scientific Corporation, Torrington, CT, USA) and then injected
with a slow virus at the following coordinates using a stereotaxic
apparatus with a special adapter (SR-5R, Narishige Scientific
Instrument Laboratory, Japan): AP=-2.5mm, L=1.5mm,
DV =1.7mm. Each group of exosomes (100 ug) was resuspended
in 20 L of PBS, and then 2uL of the exosome suspension was
injected stereotaxically into the brain of 6-month-old mice,
using the same coordinates as before [26]. Three weeks after
injection, the anesthetized mice were sacrificed, and hippocam-
pal tissues were collected for subsequent analysis [27-31].

2.7 | Morris Water Maze Experiment (MWM)

The Morris Water Maze (MWM) was used to evaluate learning
and memory function in mice. The device consisted of a circu-
lar steel water tank with a diameter of 122cm and a height of
60cm. Inside the tank, there was a water platform positioned
1cm above the water surface. The platform had a diameter of
10cm and a depth of 30cm. Surrounding the tank, there was a
blue backdrop and a pool cue. The entire setup was placed in an
isolated room with an ambient temperature of 20°C and humid-
ity of 60%. The water temperature was maintained at 21°C. To
make the water opaque, titanium dioxide was added.

During the positioning trial phase, which spanned the first
4days of the experiment (P40-P43), mice were placed in the
water from four different quadrants—south, north, west, and
east. The escape latency was recorded as the duration taken by
the mouse to find the platform and stay on it for three consec-
utive seconds within a time limit of 90s. If a mouse failed to
find the platform within 90s, it was guided to the platform and
allowed to stay there for 15s, during which the latency time was
recorded as 90s. Following the positioning trial phase, a space
exploration experiment was conducted on the fifth day. During
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this phase, the platform was removed, and each mouse was re-
leased from the first quadrant into the water for 90s of free ex-
ploration. All activities were recorded, including the time spent
in each quadrant, the time spent crossing the platform, and the
swimming path [27, 30, 32, 33].

2.8 | Nissl Staining

First, mouse hippocampal tissue slices were dehydrated in
graded ethanol solutions (75%, 85%, 95%, and 100%) and
stained with 0.5% crystal violet (190-M, Sigma-Aldrich, USA).
Then, remove the excess crystal violet three times with PBS,
each time for 5min, and quickly dehydrate the slices in 100%
ethanol for 10s. Finally, the slices were imaged using an optical
microscope (Ts2R, Nikon, Japan) and analyzed using ImageJ
software [34].

2.9 | Immunohistochemistry Staining

Hippocampal tissues were embedded in paraffin and sectioned
at 5pum for subsequent staining. Sections were incubated with
3% hydrogen peroxide for 10min at room temperature to inhibit
endogenous peroxidase activity. Non-specific antibody bind-
ing was minimized by incubating the sections in normal goat
serum for 10min. Overnight incubation at 4°C was performed
using primary antibodies, mouse anti-DLAT (1:500, 68303-1-
Ig, Proteintech, Wuhan, China) and rabbit anti-PKM2 (1:800,
#4053, CST, USA). Sections were incubated with streptavidin-
peroxidase solution (1:500, BM3894/BM3895, Boster, Wuhan,
China) for 20min at 37°C. Secondary antibodies appropriate for
rabbit and mouse IgGs were applied subsequently and incubated
at room temperature for 10min. Diaminobenzidine (DAB) was
used for visualization, followed by hematoxylin counterstain-
ing. Slides were then dehydrated, cleared, and mounted. Slides
were examined under a microscope to identify protein-positive
cells, which appear brownish-yellow. Negative controls were
processed using PBS instead of the primary antibody. Protein
expression was quantified using Image-ProPlus 6.0 by measur-
ing the integrated optical density (IOD) [35].

2.10 | Immunofluorescence Assay Detected
Expression of DLAT and Activation of Microglia

The cells were seeded on covered glass in a six-well plate over-
night and treated as instructed. Subsequently, the cells were
incubated with 100nM Mitotracker Red CMXRos (M7512,
Thermo Fisher Scientific, Waltham, MA, USA) for 30 min
for mitochondrial staining. The cells were then fixed with
4% paraformaldehyde for 10min, permeabilized in 0.25%
Triton X-100 for 10min and blocked with 3% BSA-PBS for
1h. Following overnight incubation at 4°C with primary an-
tibody DLAT (rabbit, 1:100, 13426-1-AP, Proteintech, Wuhan,
China), the cells were washed three times with 0.1% PBST
and incubated at 37°C for 1h with secondary antibody (Alexa
Fluor 488; 1:1000, ab150077, Abcam, UK). Mice were anes-
thetized, and the heart was perfused with 0.9% saline and 4%
paraformaldehyde. The brain was then sliced, permeabilized,
blocked in 1% BSA (dissolved in PBS containing 0.3% Triton

X-100) for 1h and incubated overnight at 4°C with primary
antibodies DLAT (1:100, 13426-1-AP, Proteintech, Wuhan,
China), NeuN (1:100, ab177487, Abcam), and Anti-Ibal (1:100,
ab5076, Abcam). Subsequently, the slides were incubated with
the respective secondary antibodies (Alexa Fluor 488; 1:1000,
ab150077, Abcam, UK) at 37°C for 1 h.

To assess the activation status of microglial cells in brain tissue,
we co-labeled with rabbit anti-Iba-1 (1:200, ab178846, Abcam,
UK) and mouse anti-CD68 (1:50, ab955, Abcam, UK) antibod-
ies, followed by incubation with secondary antibodies: goat anti-
rabbit (Alexa Fluor 488; 1:1000, ab150077, Abcam, UK) or goat
anti-mouse (Cy3; 1:500, ab97035, Abcam, UK). Ibal recognizes
all microglial cells, while CD68 is a marker for activated mi-
croglial lysosomes. The staining results were visualized using
an IX53 fluorescence microscope (CLSM; LSM 510 META, Carl
Zeiss AG). Image-Pro Plus 6.0 software was utilized for analysis
and quantification [15, 36-38].

2.11 | Determination of Copper Ion Content

To determine the copper ion content in the hippocampal tis-
sue, the copper assay kit (MAK127, Sigma-Aldrich, USA) was
utilized. A specific amount of hippocampal tissue sample was
taken and homogenized in 1mL of distilled water, followed
by centrifugation to obtain the supernatant. Then, 100puL of
supernatant from each well was transferred into a flat-bottom
96-well UV detection plate. The sample was thoroughly mixed
with 35uL of reagent, 5uL of reagent B, and 150 uL of reagent
C. After an incubation period at room temperature for 5min,
the absorbance was read at 359 nm using the Epoch microplate
spectrophotometer. The copper content was normalized based
on the protein concentration [39].

2.12 | Copper Ion Content Determination by
ICP-MS

Neuronal cell samples from the hippocampus were collected
and stored in metal-free plastic collection tubes for subsequent
analysis by ICP-MS. The samples were dissolved in concen-
trated nitric acid and then heated in a high-temperature furnace
for resolution. Subsequently, all samples were diluted with pu-
rified water. Standard samples (Sero, #1103129) were procured
and utilized for quantification. Copper concentration was quan-
tified using ICP-MS on the NexION instrument, with analysis
conducted using argon gas [40].

2.13 | Isolation of Primary Glial Cells
and Hippocampal Neurons

After euthanizing male 5xFAD and WT mice and performing
rapid transcardial perfusion with saline, their brains were ex-
tracted. Simply put, the brains were minced into 40 um cell
suspensions, washed with PBS at room temperature for 5min,
followed by discarding the supernatant. The cell pellets were
resuspended in 6 mL of 37% isotonic Percoll (SIP) solution
(90% Percoll and 10% 10X HBSS). The cell suspension was
then transferred to a 15mL conical tube and slowly overlaid
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with 2mL of 70% SIP. Subsequently, a slow overlay of 2mL of
30% SIP was added on top of the 37% SIP layer. The samples
were centrifuged at 800g, zero braking, for 25min at 20°C
to remove the top-floating myelin layer. Carefully collecting
3mL from the 70%-37% interface without disturbing the 70%
SIP layer.

The cells were washed three times with 10mL of cold PBS and
then resuspended the microglial cells in 100 uL of an appropri-
ate buffer. The microglial cells were cultured in DMEM medium
(11965084, Thermo Fisher Scientific, USA) containing 10% FBS
(26140079, Thermo Fisher Scientific, Waltham, MA, USA). After
5days of culture, GM-CSF (PHC2013, Thermo Fisher Scientific,
Waltham, MA, USA) was added at a concentration of 25ng/mL
and removed before harvesting.

Primary neurons were dissected from the hippocampus of
pregnant female C57BL6 mice at embryonic day 17-18 (E17-
E18), and hippocampal neurons were microdissected and
separated from the hippocampus using a stereomicroscope.
Disperse the tissues by digesting with trypsin and DNase
1 (25200114/18047019, Thermo Fisher Scientific, USA) for
30min at 37°C, followed by incubation in DMEM supple-
mented with penicillin/streptomycin and HEPES. The neurons
were cultivated separately on glass slides coated with a poly-
D-lysine layer or a poly-D-lysine-coated surface in a micro-
fluidic chamber system. Neurons are cultured in Neurobasal
Medium Plus supplemented with B27 plus (A3582801, Thermo
Fisher Scientific, Waltham, MA, USA), glutamine, and peni-
cillin/streptomycin. The medium is changed every 2-3days,
with half of the medium replaced.

Primary microglia and hippocampal neurons were identified
using immunofluorescence. Cells were fixed with 4% parafor-
maldehyde at room temperature for 30 min. After washing,
blocking solution (comprising 5% donkey serum and 0.1%
Triton X-100 in PBS) was added to the cells and incubated for
2h at room temperature. Subsequently, 100 uL of rabbit anti-
Iba-1 (1:200, ab178846, Abcam, UK) or rabbit anti-MAP-2
(1:200, #8707, CST, USA) was added onto coverslips and left to
incubate overnight at 4°C. Following this, cells were treated
with secondary antibodies (goat anti-rabbit Cy3 at 1:1000,
ab6939, Abcam, UK, or Alexa Fluor 488 at 1:1000, ab150077,
Abcam, UK) at room temperature for 1h according to the
primary antibody used. Finally, cell observation and image
acquisition were performed using a confocal fluorescence mi-
croscope [26, 29, 41, 42].

2.14 | Extraction and Purification of Microglial
Exosomes (M-exosomes, M-exo0)

Primary microglia were cultured in a medium containing 10%
FBS (with exosomes excluded, removed by overnight centrifuga-
tion at 100,000g at 4°C). Following 48 h of culturing, the cell cul-
ture supernatant was collected, and the M-exosomes were isolated
using ultracentrifugation. The specific steps were as follows: cen-
trifugation was initially performed at 300g for 5min at 4°C, fol-
lowed by centrifugation at 2000g for 10min, and then at 10,000g
for 30min to eliminate cells and large debris. Subsequently,
the supernatant was filtered using a 0.22um micro-pore filter

(SLHVO033N, Thermo Fisher Scientific, Waltham, MA, USA).
Ultracentrifugation was carried out at 140,000g for 3h at 4°C,
and the supernatant was collected. The pellet was washed with
10mL of 1x phosphate-buffered saline, followed by centrifuga-
tion at 140,000g for 2h at 4°C. Finally, the pellet was resuspended
in 1x PBS to obtain M-exosomes, and the amount of M-exosomes
was quantified using the EXOCEP Exosome Quantification
Assay Kit (EXOCET96A-1, System Biosciences Inc., USA) ac-
cording to the manufacturer's instructions [43, 44].

2.15 | M-Exo Identification

Transmission Electron Microscopy (TEM): 20 uL of microglial
exosome suspension was applied to a 200-mesh carbon-coated
grid, left to stand for 3min, and excess liquid was removed using
filter paper. The grid was air-dried for 1 min and stained with
3% phosphotungstic acid for 5min. Samples were then examined
with a JEM-2000EX transmission electron microscope (JEOL,
Japan).

Nanoparticle Tracking Analysis (NTA): Exosome size and con-
centration were analyzed using an NS300 Nanoparticle Tracking
Analyzer (Malvern Instruments Ltd., UK).

Western Blot Analysis: Expression levels of exosome mark-
ers CD9, CD81, and Alix, along with non-exosomal proteins
HSP90 and histone H3, were determined using Western blot.
Antibodies used included mouse anti-CD9 (1:1000, Santa Cruz),
rabbit anti-CD81 (1:1000, Proteintech), rabbit anti-Alix (1:2000,
Proteintech), rabbit anti-HSP90 (1:1000, CST), and rabbit anti-
histone H3 (1:2000, Abcam) [44-46].

2.16 | M-exo Cell Uptake Experiment

Cells cultured on a four-chambered glass slide were washed
thrice with PBS and then fixed with 4% paraformaldehyde for
15min. Afterward, wash again with PBS and incubate with
0.5% Triton-X 100 for 20 min to permeabilize. For the tracking
of M-exo, M-exo was labeled with PKH67 green fluorescent dye
(MINI67, Sigma-Aldrich, USA). Incubate at room temperature
for 5min with labeled 10 pg/mLM-exo [31]. Suspension was
plated onto a basal medium and incubated with primary hip-
pocampal neurons at 37°C for 12h. Wash the cells twice with
PBS afterward. F-actin was stained using Atto 633 labeled
phalloidin (red; 68825, Sigma-Aldrich, USA). DAPI is used to
label cell nuclei. Stained cells were observed under an IX53
fluorescence microscope (CLSM; LSM 510 META, Carl Zeiss
AG) [47, 48].

2.17 | Plasmid Transfection and Cell Experiment
Grouping

Primary microglial cells and hippocampal neuronsin a healthy
growth state were digested with trypsin and seeded at a den-
sity of 8 x 103 cells per well in a 24-well plate to culture them
into a monolayer. Subsequently, the culture medium was re-
moved, and transfection was carried out following the instruc-
tions of Lipofectamine 3000 (L3000150, Invitrogen, Thermo
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Fisher Scientific, Waltham, MA, USA). Post-transfection, the
cells were cultured at 37°C with 5% CO, for 6-8 h, after which
the complete culture medium was replaced. RNA and protein
extraction were performed 48 h post-culturing for subsequent
experiments.

The specific groups are as follows (Figure S2):

» Microglia: sh-NC group, sh-hnRNPA2B1-1 group, sh-
hnRNPA2B1-2 group, sh-PKM-1 group, and sh-PKM-2
group;

« Hippocampal neurons:

1.PBS group, WT-M-exo group, 5xFAD-M-exo group with
1 ugM-exo treatment for 24 h;

2.DMSO group, GW4869 group, for 5xFAD group, microglia
cells were treated with exosome inhibitor GW4869 (10 uM;
D1692, Sigma-Aldrich, USA) or 0.1% DMSO for 48h, fol-
lowed by co-culture with hippocampal neurons for 24 h;

3.PBS group, M-exo group (5xFAD-M-exo0), M-exo-sh-NC
group (exosomes extracted from primary microglia cells
transfected with sh-NC), and M-exo-sh-PKM group (exo-
somes extracted from primary microglia cells transfected
with sh-PKM), with 1 ugM-exo treatment for 24 h; and

4.M-exo-sh-NC+o0e-NC group, M-exo-sh-PKM + oe-NC
group, and M-exo-sh-PKM + oe-DLAT group, hippocam-
pal neurons were transfected with oe-NC or oe-DLAT for
48h, followed by 1 ugM-exo treatment for 24 h.

The reference manuals of each plasmid were consulted for
their recommended concentrations and adjusted according
to actual conditions. The overexpression plasmid for DLAT
(0oe-DLAT) and its control plasmid (oe-NC) were purchased
from Ruibo Biotechnology (R11091.1, Ruibo Biotechnology,
Guangzhou, China) and constructed using the pEXP-RB-
Mam plasmid vector (R11091.1). The shRNA sequences
used were as follows: sh-PKM-1 (TRCN0000366062; tar-
get  sequence: GACTGGAAACCCTGACTTTAT),  sh-
PKM-2  (TRCN0000362351; target sequence: GGCT
CTGGACCATCTACATAG), sh-hnRNPA2B1-1 (TRCNOO
00366062; target sequence: GTCACAATGCAGAAGTTAGAA),
sh-hnRNPA2B1-2  (TRCN0000362351; target sequence:
CGATAGGCAGTCTGGAAAGAA), and the negative control
(sh-NC) purchased from Sigma-Aldrich (USA) [44, 49].

2.18 | Cell Counting Kit-8 (CCK-8) Assay

Healthy hippocampal primary neurons were seeded in a 96-well
plate at a density of 3x10° to 6x 103 cells per well and incu-
bated in a cell culture incubator for 24h. The following treat-
ments were applied: (1) Incubation of cells for 24h with CuSO4
solutions of varying concentrations (0, 20, 40, 60, 80, 100, 120,
140uM) (anhydrous CuSO4: 451657, Sigma-Aldrich, USA);
(2) addition of the copper chelator TTM (tetrathiomolybdate;
20uM, 323,446, Sigma-Aldrich, USA) to the cells treated with
Cu (CuS04) for 2h, followed by a medium change; (3) DLAT
knockdown in hippocampal neurons after treatment with 80 uM
CuSO4. Subsequently, 10 L of CCK-8 solution (96992, Sigma-
Aldrich, USA) was added to each well. After 1h of incubation
at 37°C in a humidity-controlled cell culture incubator, the

absorbance of each sample was measured at 450nm using an
Epoch microplate spectrophotometer (Bio-Tek, Winooski, VT,
USA) [32, 50-52].

2.19 | RIP Experiment

The cell pellets were lysed with equal volumes of RIP lysis
buffer (P0013B, Biyuntian, Shanghai, China) on ice for
5min, followed by centrifugation at 14,000g for 10min at
4°C to obtain the supernatant. The RIP assay kit (17-701,
Sigma-Aldrich, USA) was then used to detect the binding
of hnRNPA2B1 and PKM. First, the magnetic beads from
each co-immunoprecipitation reaction system were resus-
pended in 100uL of RIP buffer and incubated at 4°C for 6h.
Then, 50uL of the bead-antibody complex was added and in-
cubated with 5ug of rabbit anti-hnRNPA2B1 (1:100, 14813-
1-AP, Proteintech, Wuhan, China) or control IgG antibody
(ab172730, 1:100, Abcam, UK). The bead-antibody complexes
were then resuspended in 900 uL of RIP wash buffer and incu-
bated overnight at 4°C with 100 uL of cell extract. The samples
were subsequently placed on a magnet to collect the magnetic
bead-protein complexes. The samples were then treated with
proteinase K to remove proteins, and RNA was extracted
and reverse transcribed into cDNA using the manufacturer's
protocol provided with Platinum SuperFi DNA polymerase
(12361010, Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA). The PCR products were loaded onto a 2% agarose
gel (D0163S, Biyuntian, Shanghai, China) and visualized
using ethidium bromide staining [49, 53].

2.20 | Co-IP

Lyse hippocampal neurons in IP lysis buffer (P0013, BiyunTian,
Shanghai, China) containing protease and phosphatase inhib-
itors. The cell lysate was centrifuged at 12,000g for 20min at
4°C. Then, the cell lysates containing 200ug of protein were
incubated separately with mouse anti-PKM2 (1:50, #4053,
CST, USA), rabbit anti-DLAT (1:100, 13426-1-AP, Proteintech,
Wuhan, China), or rabbit anti-IgG antibody (1:50, #3900, Cell
Signaling, USA) at 4°C overnight. Then, the antibody-protein
complex was captured using Protein A/G PLUS-Agarose beads
(sc-2003, Santa Cruz, USA). After thoroughly washing with de-
tergent buffer, boil the complex in 1x SDS loading buffer and
then analyze it by western blot. The antibodies used for Western
blot were rabbit anti-PKM2 (1:250, 25659-1-AP, Proteintech,
Wuhan, China) and mouse anti-DLAT (1:5000, 68303-1-Ig,
Proteintech, Wuhan, China) [54, 55].

2.21 | RT-qPCR

Total RNA was extracted from primary hippocampal neurons,
microglia, and mouse hippocampal tissue using Trizol reagent
(Invitrogen, Car, Cal, USA, catalog number 15596026). The
concentration and purity of the extracted total RNA were mea-
sured using a Nanodrop2000 micro-UV spectrophotometer
(nanodrop, USA, catalog number 1011U). Subsequently, 1ug of
total RNA from microglia was reverse transcribed as a template
for routine PCR reactions using M-MLV reverse transcriptase
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(M1302, Sigma-Aldrich, USA) (GoTaqg DNA Polymerase,
M3001, Promega, USA). The products of PKM1 and PKM2 were
analyzed on agarose or acrylamide gels.

For primary hippocampal neurons and mouse hippocampal
tissue, the total RNA was reverse transcribed into cDNA using
the PrimeScript RT reagent Kit (Takara, Japan, catalog number
RR047A) following the instruction manual. The reverse tran-
scription conditions were 42°C for 30-50 min and 85°C for 5s.
qRT-PCR detection was performed using the Fast SYBR Green
PCR Kit (Takara, Japan, catalog number RR820A) and the ABI
PRISM 7300 RT-PCR system (Applied biosystems). The reaction
conditions included 95°C pre-denaturation for 5min, 95°C de-
naturation for 30s, 57°C annealing for 30s, and 72°C elongation
for 30s, for a total of 40cycles. Each hole was set with three rep-
etitions. The relative gene expression level was analyzed using
B-actin as an internal reference by the 2722 method, where
AAC,=(average C, value of the target gene in the experimental
group—average C, value of the reference gene in the experimen-
tal group)—(average C, value of the target gene in the control
group—average C, value of the reference gene in the control
group). The experiment was repeated three times. The primer
sequences are shown in Table S1.

2.22 | Western Blot

Cell and tissue samples were separately added into RIPA lysis buf-
fer (PO013B, Beyotime, Shanghai, China) containing 1% PMSF.
The samples were incubated on ice for 30min and then centri-
fuged at 14,000g, 4°C to collect the supernatant. The protein con-
centration in the extraction solution was determined using the
BCA method (P0012S, Biyun Tian, Shanghai, China). An appro-
priate amount of 5x loading buffer was added, and the mixture
was boiled at 100°C for 10min to denature the proteins. A pro-
tein loading amount of 50 ug was used. The gel and concentrated
gel were prepared for electrophoresis. Subsequently, the bands
containing the target protein were transferred onto the PVDF
membrane.

The PVDF membrane was immersed in 5% skim milk powder,
sealed at room temperature for 1h, and then incubated with the
following primary antibodies: rabbit anti-PKM1 (1:1000, #7067,
CST, USA), rabbit anti-PKM2 (1:1000, #4053, CST, USA), mouse
anti-DLAT (1:5000, 68303-1-Ig, Proteintech, Wuhan Sanying,
China), rabbit anti-FDX1 (1:1000, 12592-1-AP, Proteintech,
Wuhan Sanying, China), rabbit anti-HSP70 (1:5000, 10995-1-AP,
proteintech, Wuhan Sanying, China), rabbit anti-POLD1 (1:1000,
15646-1-AP, Proteintech, Wuhan Sanying, China), rabbit anti-
ACO02(1:2000,11134-1-AP, Proteintech, Wuhan Sanying, China),
rabbit anti-SDHB (1:5000, 10620-1-AP, Proteintech, Wuhan
Sanying, China), rabbit anti-hnRNPA2B1 (1:2000, 14813-1-AP,
Proteintech, Wuhan Sanying, China), rabbit anti-PTBP1 (1:2000,
12582-1-AP, Proteintech, Wuhan Sanying, China), mouse anti-
hnRNPA1 (1:20,000, 67844-1-Ig, Proteintech, Wuhan Sanying,
China), and rabbit anti-f-actin (1:1000, ab8226, Abcam, UK).

The membrane was then incubated with HRP-labeled sheep
anti-rabbit/sheep anti-mouse IgG secondary antibody (1:10,000,
BA1054/BA1050, Proteintech, Wuhan, China) at room tempera-
ture for 1h, using f-actin as the reference. Washes were carried

out six times with phosphate-buffered saline with Tween (PBST)
for 5min each. The ECL reaction solution (AR1172, Boster,
Wuhan, China) was evenly added to the membrane, which was
then exposed in an Amersham Imager 600 (USA). Grayscale
analysis was performed using Image J. The experiment was re-
peated thrice [56, 57].

2.23 | Statistical Analysis

The data statistical analysis in this study was conducted
using Graphpad Prism 8.1. Metric data were presented as
mean +standard deviation. Prior to the statistical analysis,
normality of distribution was assessed using the Shapiro-Wilk
test, along with homogeneity of variances test. For data follow-
ing a normal distribution, between-group comparisons were
performed using unpaired t-test; for comparisons involving
multiple groups, one-way analysis of variance (ANOVA) or re-
peated measures ANOVA was employed, followed by post hoc
analysis using Tukey's test. Repeated measures ANOVA was
utilized for behavioral experiments analysis, with post hoc test-
ing adjusted with Bonferroni correction as necessary. Two-way
ANOVA was applied for the analysis of weight and Western
blot quantification. Unpaired t-test was used for between-
group comparisons of normally distributed data. For multiple
group comparisons, one-way ANOVA or repeated measures
ANOVA was conducted, followed by Tukey post hoc analysis
if needed. Non-parametric tests such as Mann-Whitney U test
or Kruskal-Wallis test were employed for data not conforming
to normal distribution. A p-value <0.05 was considered statis-
tically significant.

3 | Results

3.1 | Identification of 11 Copper Death-Related
Genes Differentially Expressed in AD

Copper death is a novel form of cell death. According to reports,
copper metabolism disorder is associated with some neurode-
generative diseases, including AD and Parkinson's disease [32].
Despite the ongoing research, it has been found that there are
neuronal damage and apoptosis in AD [58]. However, there are
few reports on whether the damage of neurons in AD could be
mediated by copper-induced death.

First, we obtained the AD-related gene expression dataset
GSE97760 from the GEO database. Differential analysis was
then conducted to identify 7861 differentially expressed genes,
including 4100 upregulated genes and 3761 downregulated
genes (Figure S3A,B). The log2FC values and corresponding
p-values of all differentially expressed genes were found in
Table S2. Taking the intersection of differentially expressed
genes with copper death-related genes, we obtained 11 differen-
tially expressed genes related to copper death (Figure S3C). The
differential expression results of these 11 copper death genes are
shown in Figure S3D. DBT, DLAT, DLD, FDX1, GCSH, GLS,
LIAS, and LIPT1 are overexpressed in peripheral blood samples
of AD patients. NLRP3 is underexpressed in peripheral blood
samples of AD patients. CDKN2A and SLC31A1 show no differ-
ential expression changes.
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The above results indicate that we have identified 11 copper
death-related genes with differential expression in AD through
bioinformatics analysis.

3.2 | DLAT May Be a Key Gene Mediating
Neuronal Copper Death in AD

To further select the key copper death-related genes, we used the
lasso and SVM-RFE machine learning algorithms to screen for
disease-specific genes among the 11 overlapping copper death
genes. The lasso and SVM-RFE analyses identified six and eight
disease-specific genes, respectively, and the intersection of these
genes yielded four key disease-specific genes (CDKN2A, DLAT,
GCSH, and NLRP3) (Figure S4A-C). Import the proteins en-
coded by 11 intersecting copper death genes into the STRING
database for protein interaction analysis. DLD, GCSH, LIAS,
DBT, DLAT, and LIPT1 are located in the relative core position
of the protein interaction network (Figure S4D). We speculate
that DLAT and GCSH may be more prominent copper death
genes based on the above information.

In addition, GO and KEGG enrichment analyses were performed
on 11 intersecting copper death genes. The GO enrichment anal-
ysis results showed that these 11 intersecting copper death genes
are mainly located in the mitochondria and mitochondrial ma-
trix, and they participate in processes such as protein acylation,
cellular nitrogen compound metabolism, and negative regulation
of NF-kappaB transcription factor activity as part of the mito-
chondrial pyruvate dehydrogenase complex (Figure S4E). The
KEGG pathway enrichment analysis results indicate that the 11
intersected copper death genes are mainly enriched in metabolic
pathways, platinum resistance, carbon metabolism, microRNAs
in cancer, and the tricarboxylic acid (TCA) cycle (Figure S4F).
Copper death is caused by the binding of copper with acyltrans-
ferase in the TCA cycle, leading to subsequent protein aggrega-
tion, protein toxicity stress, and cellular death [15, 59]. KEGG
enrichment analysis revealed that DLAT is the main enriched
gene in the TCA cycle pathway. According to research reports,
DLAT is acylated dihydroceramide S-acyltransferase, which
serves as the E2 component of the pyruvate dehydrogenase com-
plex and is one of the key molecules involved in copper-induced
cell death. Additionally, copper could promote the expression of
copper death-related protein FDX1 and DLAT, inducing neu-
ronal degeneration and oxidative damage, leading to cognitive
dysfunction in mice [15, 32]. GCSH has not been studied in AD
diseases yet.

Therefore, we speculate that DLAT may mediate neuronal cop-
per death in AD.

3.3 | Evidence of Copper Death and Elevated
DLAT Expression in the Hippocampal Tissue of a
5xFAD AD Mouse Model

To verify the expression of DLAT in AD, we used the 5xFAD
transgenic mouse model to construct an AD model. First, we
evaluated the neuronal damage in mouse hippocampal tissue
using Nissl staining. The results showed that the Nissl bodies
in the hippocampal tissue of 5XFAD mice, an AD mouse model,

were reduced, indicating substantial neuronal damage in the
hippocampus (Figure 1A). The Morris water maze experiment
results showed that, compared to the WT group, the escape la-
tency of the 5xFAD group mice was prolonged, and the time to
cross the platform was reduced (Figure 1B,C). Subsequently, we
utilized immunofluorescence to detect the expression of DLAT.
The results revealed that DLAT is exclusively expressed in neu-
rons labeled with NeuN and not in microglial cells marked with
Ibal, indicating the specificity of DLAT expression (Figure 1D).
Furthermore, the expression of DLAT in the hippocampal tissue
of 5xFAD mice was significantly elevated compared to the WT
group, with noticeable aggregation of DLAT in the hippocampal
tissue of 5xFAD mice (Figure 1D).

Research reports that the characteristics of copper death include
copper ion accumulation, lipoprotein aggregation, and subse-
quent loss of iron-sulfur (Fe-S) cluster proteins, causing protein
toxicity stress and ultimately leading to cell death [15]. Therefore,
we further detected the content of copper ions in the hippocampus
tissue. The results showed that compared with the WT group, the
content of copper ions in the hippocampus tissue of the 5xFAD
group mice increased (Figure 1E). Furthermore, to precisely
measure the copper ion content within hippocampal neurons,
we employed ICP-MS for further analysis. The results demon-
strated a significant increase in copper ion levels in neurons of the
hippocampal tissue of 5xFAD mice compared to the WT group
(Figure 1F).

Western blot detected the expression of DLAT, Fe-S cluster pro-
teins, and protein toxicity stress markers. The results showed
that the expression of DLAT, FDX1, and HSP70 proteins in the
hippocampal tissue of 5XFAD mice was increased compared to
the WT group. Fe-S cluster proteins POLD1, ACO2, and SDHB
expression decreased (Figure 1G). The result indicates that cop-
per death occurred in the hippocampal tissue of AD mice.

The above results indicate that copper death occurs in the hip-
pocampal tissue of AD mice, and DLAT is highly expressed in
the hippocampal tissue of AD mice.

3.4 | Knockdown of DLAT Alleviates
Copper-Induced Cell Death and Cognitive
Dysfunction in 5XFAD AD Mouse Model

Next, we will investigate whether knocking down DLAT could
suppress copper-induced cell death and improve hippocampal
tissue damage in AD model mice. 5XxFAD mice were respectively
injected with sh-DLAT or sh-NC lentivirus through the lateral
ventricle. At the end of the experiment, hippocampal tissue sam-
ples were collected from each group of mice. RT-qPCR and im-
munofluorescence staining results showed that compared with
the 5xFAD + sh-NC group, the expression of DLAT in the hip-
pocampal tissue of 5XFAD + sh-DLAT group mice was reduced,
and the accumulation of DLAT in the hippocampal tissue of the
mice disappeared (Figure 2A,B). Nissl staining results showed
that compared with the 5XxFAD + sh-NC group, the 5XxFAD + sh-
DLAT group exhibited an increase in Nissl bodies in the hippo-
campal tissue of mice, indicating a reduction in hippocampal
neuronal damage (Figure 2C). The results of the Morris water
maze experiment showed that compared to the 5XFAD +sh-NC
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FIGURE1 | Expression of copper-induced cell death-related proteins in the hippocampal tissue of an AD mouse model. Note: (A) Nissl staining
of neuronal damage (50pum) in the CA1 and CA3 regions of the hippocampal tissue of WT and 5xFAD mice; (B) escape latency of mice in the
Morris water maze test; (C) time spent crossing the platform in the Morris water maze test; (D) immunofluorescence staining of DLAT, NeuN and
Ibal expression in the hippocampal tissue of mice (25um); (E) copper ion content in the hippocampal tissue of mice; (F) the copper ion content in
hippocampal neurons of each group; (G) western blot analysis of DLAT, Fe-S cluster proteins, and protein toxicity stress markers in the hippocampal
tissue of mice, *represents p <0.05 compared to the WT group, each group consists of six mice.

group, the escape latency decreased, and the time spent cross-
ing the platform increased in the 5XFAD+sh-DLAT group
(Figure 2D,E), indicating that knocking down DLAT alleviated
cognitive impairment in AD mice.

By further detecting the expression of DLAT and copper death-
associated proteins through Western blot, it was found that
compared to the 5XFAD + sh-NC group, the expression of DLAT
and HSP70 proteins in the hippocampal tissue of mice in the
5xFAD +sh-DLAT group was decreased. The expression of
Fe-S cluster proteins POLD1, ACO2, and SDHB was increased.
FDX1, as an upstream regulatory factor of DLAT, is involved in
this process [15]. There was no change in the expression of FDX1
protein (Figure 2F).

The above results indicate that knocking down DLAT could in-
hibit copper-induced cell death and improve cognitive dysfunc-
tion in AD model mice.

3.5 | Analysis of snRNA-Seq Data Revealed an
Increase in Microglial Cells in AD, Which Interact
With Neurons

Research has shown that microglial cells play crucial roles in
neurodegenerative diseases such as Parkinson's disease (PD),
AD, and amyotrophic lateral sclerosis (ALS). The exosomes
released by microglial cells can be transported to neurons and
taken up by them, which may have beneficial or detrimental ef-
fects on central nervous system disorders [60]. In this study, we
conducted single-nucleus RNA sequencing (snRNA-seq) anal-
ysis on the GEO database dataset GSE140510 to investigate the
interaction between microglial cells and neurons.

After quality control and filtering of the snRNA-seq data, we ob-
tained high-quality cell data and selected the top 2000 highly vari-
able genes based on variance for further analysis. Subsequently,
principal component analysis was performed on the filtered cells,
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FIGURE 2 | Effects of DLAT knockdown on copper-induced cell death and cognitive impairment in an AD mouse model. Note: (A) RT-qPCR
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analysis of DLAT, Fe-S cluster proteins, and protein toxicity stress markers in the hippocampal tissue of mice, *represents p <0.05 compared to the
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showing the distribution of cells in PC_1 and PC_2 (Figure S5A).
It was observed that there were batch effects among the samples.
Therefore, batch correction was carried out, and PC_1-PC_20
could effectively reflect the information contained in the selected
highly variable genes with significant analytical implications
(Figure S5B,C). The batch correction results demonstrated the
successful elimination of sample batch effects (Figure S5D).

Next, we applied the UMAP algorithm to nonlinearly reduce the
top 20 principal components and clustered all cells into 38 cell
clusters (Figure 3A). Using known cell lineage-specific marker
genes obtained from literature search and CellMarker, we anno-
tated the cells and identified 14 cell types, including microglia,
basket cells, endothelial cells, GABAergic Cells, microglial cells,

mural cells, neuroblasts, neurons, oligodendrocytes, oligodendro-
cyte precursor cells, Type I, IC, and II spiral ganglion neurons,
and Type IA spiral ganglion neurons (Figure 3B). Additionally,
we displayed the expression of cell marker genes in these 14 cell
types (Figure 3C). Through T-tests, we analyzed the quantitative
differences of these cells between two sample groups, revealing a
significant increase in microglial cells in AD (Figure 3D).

Subsequently, we utilized the R package “CellChat” for cell com-
munication network analysis. Initially, we conducted a statistical
analysis of the total number and strength of interactions between
cells in the WT and AD groups, showing a significant increase in
cell interactions in the AD group (Figure 3E). Further analysis
of the changes in cell communication between the AD and WT
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groups revealed a significant increase in interactions between mi-
croglial cells and Type I spiral ganglion neurons and other neurons
in the AD group compared to the WT group (Figure 3F, Figure S6).

These findings suggest that microglial cells increase in AD and
their interactions with neurons are enhanced, indicating a poten-
tially significant role of microglial cells in the progression of AD.

3.6 | Delivery of PKM2 Into Hippocampal Neurons
by Extracellular Vesicles Secreted by Microglia

To investigate the role of microgliain AD, we assessed the activa-
tion status of microglia in AD. Immunofluorescence results re-
vealed a significant increase in activated microglia levels in the

hippocampal tissue of 5XxFAD mice (Figure S7A). Subsequently,
utilizing the GEO database, we obtained a high-throughput se-
quencing dataset, GSE163857, related to microglia in AD mice.
Differential analysis indicated a total of 1382 significantly up-
regulated genes and 1959 significantly downregulated genes in
AD mouse microglia (Figure 4A). The log2 Fold Change (FC)
values and corresponding p-values of all differentially expressed
genes can be found in Table S3.

Moreover, by accessing the ExoCarta database, we identi-
fied 20 intersecting genes expressed in microglial exosomes,
matching the differentially expressed genes from the sequenc-
ing dataset (Figure 4B). Protein-protein interaction analysis
was conducted for these 20 intersecting genes, with results
showing that GAPDH, PGK1, ANXA2, CD63, LGALS3, CD9,
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and PKM were located at the core of the network. Interacting
proteins with DLAT included ATP1A3, PKM, GAPDH, PGK1,
ALDOA, EIF3F, PGAM1 (Figure 4C). Notably, the proteins
interacting with DLAT exhibited high expression levels in
AD mouse microglia, with ATP1A3 and PKM showing the
most significant differences as illustrated in (Figure 4D).
Further prediction via the PPA-Pred website suggested a po-
tent binding affinity between ATP1A3 and PKM with DLAT
(Kd<10-8M, indicative of strong binding, see Table S4).
Literature reports indicate a specific upregulation of pyruvate
kinase M2 (PKM2) in the cerebrospinal fluid of AD patients,
and high expression of PKM2 in the brains of AD patients and

mouse models [61, 62]. However, no previous studies have re-
ported on the expression changes of ATP1A3 in AD. Thus, we
postulate that microglial exosomes may transfer PKM2 to pro-
mote the progression of AD.

Subsequently, we isolated primary microglia and hippocampal
neurons. The identification of primary microglia and hippo-
campal neurons is depicted in Figure S7B. Compared to the WT
group, the expression of PKM2 in primary microglia from the
5xFAD group significantly increased, as shown in Figure S7C.
Subsequently, M-exos were extracted from the primary mi-
croglia of the 5XFAD and WT groups. Electron microscopy
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observations revealed cup-shaped vesicles surrounded by a
lipid bilayer membrane, with a densely stained outer layer and
an uneven lightly stained inner zone, displaying typical M-exo
morphological features, as depicted in Figure S8A. Nanoparticle
tracking analysis (NTA) indicated that the majority of M-exos
had a diameter within the range of 124.1 £4.5nm, as shown in
Figure S8B. Western blot analysis demonstrated the expression
of the M-exo markers CD81, CD9, and Alix in M-exos from both
the 5XFAD and WT groups, while HSP90 and histone H3 were
expressed in cells but almost absent in M-exos, as illustrated in
Figure S8C.

Subsequently, M-exos from the 5XxFAD and WT groups were
co-incubated with hippocampal neurons for 24 h. Fluorescence
microscopy revealed green fluorescence in the cytoplasm of hip-
pocampal neurons, indicating uptake of PKH67-labeled M-exos
from both 5xFAD and WT groups (Figure 4E), suggesting that
microglial M-exos can be internalized by hippocampal neurons.
Further evaluation of PKM2 expression in M-exos from the
5xFAD and WT groups showed a significant increase in PKM2
protein expression in 5XFAD group M-exos compared to the WT
group (Figure 4F). Following co-incubation with M-exos from
the 5xFAD group, hippocampal neurons displayed a notable
increase in PKM2 expression. Additionally, after treatment of
5xFAD group microglia with the exosome inhibitor GW4689, co-
incubation of conditioned medium with hippocampal neurons
revealed a substantial decrease in PKM2 expression in the neu-
rons (Figure 4G).

These results collectively indicate that microglial exosome-
mediated transfer of PKM2 can be internalized by hippocampal
neurons.

3.7 | HnRNPA2B1 Promotes PKM2 Packaging Into
Microglial Extracellular Vesicles

Research reports that selective splicing of PKM plays an im-
portant role in epilepsy [63]. Three hnRNP proteins, hnRNPI/
PTBP1, hnRNPA2B1, and hnRNPA1, act as selective splicing
factors that promote PKM2 splicing [64]. To investigate whether
the expression of PKM2 in AD is regulated by splicing factors,
we first examined the expression of hnRNPI/PTBP1, hnRN-
PA2BI1, and hnRNPAL1 in primary microglia from the 5xXFAD
mouse model. The results showed that compared to the wild-
type (WT) group, the 5XFAD group had significantly increased
expression of hnRNPA2B1, while the expression of PTBP1 and
hnRNPA1 showed no significant change (Figure 5A).

To test whether hnRNPA2B1 can be recruited to PKM tran-
scripts, we performed RIP experiments to determine the bind-
ing between hnRNPA2B1 and PKM after knocking down
hnRNPA2BI. First, we measured the knockdown efficiency of
hnRNPA2BI using RT-qPCR and Western blotting. The results
showed that the expression of hnRNPA2B1 was significantly
decreased in the sh-hnRNPA2B1-1 and sh-hnRNPA2BI1-2
groups compared to the sh-NC group, with better knockdown
efficiency observed in the sh-hnRNPA2B1-2 group, which was
used for subsequent experiments (Figure 5B,C). RIP assays
revealed that hnRNPA2BI1 can bind to PKM, and the bind-
ing between hnRNPA2B1 and PKM was significantly reduced

after hnRNPA2B1 knockdown (Figure 5D). Examination of
the splicing and protein expression changes of PKM2 showed
that knockdown of hnRNPA2B1 led to reduced splicing of
PKM2, significantly decreased protein expression of PKM2,
and increased splicing and protein expression of PKM1
(Figure 5E,F).

To further investigate the effect of hnRNPA2B1 on PKM2 in
exosomes, we performed RIP experiments on exosome lysates
from microglia and observed the interaction between hnRN-
PA2B1 and PKM in exosomes (Figure 5G). Further examination
of PKM2 protein expression in exosomes showed that knock-
down of hnRNPA2BI led to a significant decrease in PKM2 pro-
tein expression in exosomes (Figure 5H).

These results indicate that hnRNPA2B1 promotes selective
splicing of PKM2 and facilitates the packaging of PKM2 into
microglia exosomes.

3.8 | Downregulation of PKM2 in
Microglial-Derived Exosomes Reduces DLAT
Expression and Copper-Induced Neuronal Death in
the Hippocampus

We further investigated the impact of exosomal transfer of
PKM2 in the extracellular matrix of oligodendrocytes on neu-
ronal death. Downregulate PKM2 in microglia cells and select
sh-PKM-1 (sh-PKM), which has a better downregulation effi-
ciency, for further experiments (Figure 6A,B). Co-culture of
M-exo with hippocampal neurons was performed, and the re-
sults demonstrated that compared to the M-exo-sh-NC group,
the expression of PKM2 in hippocampal neurons was de-
creased in the M-exo-sh-PKM group (Figure 6C). Compared
with the PBS group, the expression of DLAT protein in hippo-
campal neurons was increased in the M-exo group, while com-
pared with the M-exo-sh-NC group, the expression of DLAT
protein in hippocampal neurons was reduced in the M-exo-sh-
PKM group (Figure 6D).

Research reports suggest that a hallmark of copper death is the
aggregation of mitochondrial acyltransferase proteins such as
DLAT [15]. Therefore, we used immunofluorescence staining to
detect the aggregation of DLAT. The results showed that com-
pared to the PBS group, the DLAT aggregation in the mitochon-
dria of the M-exo group increased. On the other hand, compared
to the M-exo-sh-NC group, the DLAT aggregation in the mito-
chondria of the M-exo-sh-PKM group decreased (Figure 6E).
Western blot was used to detect the expression of copper death-
related proteins. The results showed that compared with the PBS
group, the M-exo group exhibited increased FDX1 and HSP70
proteins and decreased expression of Fe-S cluster proteins
POLD1, ACO2, and SDHB. Compared with the M-exo-sh-NC
group, the M-exo-sh-PKM group showed decreased expression
of FDX1 and HSP70 proteins and increased expression of Fe-S
cluster proteins POLD1, ACO2, and SDHB (Figure 6F).

Subsequent co-incubation of hippocampal neurons treated
with 80uM CuSO4 with M-exo showed a marked decrease
in relative cell survival rates post-Cu treatment. A decrease
in relative cell survival rates was noted in the M-exo group
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expression of PTBP1, hnRNPA2B1, and hnRNPAT1 in primary microglia. * indicates p <0.05 compared to the WT group; (B, C) RT-qPCR analysis of
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PKM1 and PKM2 expression in various cell groups. ** indicates p <0.01 compared to the sh-NC group; (F) western blot analysis of PKM1 protein
expression in various cell groups. ** indicates p<0.01 compared to the sh-NC group; (G) RIP experiment to detect the binding of hnRNPA2B1
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compared to the PBS group, while an increase was observed in ~ The above results indicate that extracellular vesicles derived
the M-exo-sh-PKM group compared to the M-exo-sh-NC group from microglia could transfer PKM2 to promote DLAT expres-
(Figure 6G). sion and copper-induced neuronal death in the hippocampus.
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FIGURE 6 | Effects of PKM2 Transfer via microglial extracellular vesicles on the expression of DLAT and copper-induced cell death in

hippocampal neurons. Note: (A) RT-qPCR was used to measure the mRNA expression of PKM in microglial cells after knockdown, and the results
show a significant difference compared with the sh-NC group at p<0.05 and p<0.01. (B) Western blot was performed to examine the protein
expression of PKM2 in microglial cells after knockdown, and the results show a significant difference compared with the sh-NC group at p<0.05
and p<0.01. (C) Western blot was performed to examine the protein expression of PKM2 in hippocampal neurons after co-cultivation with M-exo
obtained from knockdown PKM2 microglial cells. (D) Western blot was performed to measure the protein expression of DLAT in hippocampal
neurons after co-cultivation with M-exo from different treatment groups. (E) Immunofluorescence staining was used to detect the aggregation of
DLAT in the mitochondria of hippocampal neurons (25 um). Green fluorescence represents DLAT, and red fluorescence represents mitochondria. (F)
Western blot was performed to measure the expression of copper-induced cell death-related proteins in different groups of hippocampal neurons. (G)
CCK-8 assay to assess the relative cell viability of hippocampal neurons in different treatment groups. In panels C-F, * indicates p <0.05 compared to
the M-exo-sh-NC group, # indicates p <0.05 compared to the PBS group; in panel G, * indicates p <0.05 compared to the Control group, # indicates
p <0.05 compared to the M-exo-sh-NC group, & indicates p <0.05 compared to the PBS group. Cell experiments were repeated 3 times.

3.9 | Microglial Exosomal PKM?2 Drives DLAT
Expression and Neuronal Copper Death via Protein-
Protein Interaction

To further investigate the transfer of PKM2 via exosomes from
microglia and its effects on neuronal cell death by regulating
DLAT expression, we first validated the protein—protein inter-
action between PKM2 and DLAT through co-IP experiments.
The results showed a protein-protein interaction between
PKM2 and DLAT (Figure 7A). Moreover, compared to the M-
exo-sh-PKM +o0e-NC group, the M-exo-sh-PKM +oe-DLAT
group showed a significant increase in DALT expression in hip-
pocampal neurons (Figure 7B). Immunofluorescent staining
showed that compared with the M-exo-sh-NC+ oe-NC group,
there was a reduction in DLAT aggregation in the mitochon-
dria of the M-exo-sh-PKM +oe-NC group. Additionally, there
was a significant increase in DLAT aggregation in mitochon-
dria in the M-exo-sh-PKM mut +oe NC group compared to the

M-exo-sh-PKM + oe-NC group. In contrast, compared with the
M-exo-sh-PKM + oe-NC group, there was an increase in DLAT
aggregation in the mitochondria of the M-exo-sh-PKM + oe-
DLAT group (Figure 7C). The expression analysis of copper-
death-related proteins revealed the following trends: compared
to the M-exo-sh-NC + oe-NC group, the M-exo-sh-PKM + oe-NC
group exhibited a significant decrease in the expression of FDX1
and HSP70 proteins, while the expression of Fe-S cluster proteins
POLD1, ACO2, and SDHB was notably increased. Moreover,
the M-exo-sh-PKM mut+ oe NC group showed a significant in-
crease in the expression of FDX1 and HSP70 proteins compared
to the M-exo-sh-PKM + oe-NC group, with a corresponding de-
crease in the expression of Fe-S cluster proteins POLD1, ACO?2,
and SDHB. In comparison to the M-exo-sh-PKM + oe-NC group,
the M-exo-sh-PKM +oe-DLAT group displayed a marked in-
crease in HSP70 protein expression, a noticeable decrease in the
expression of Fe-S cluster proteins POLD1, ACO2, and SDHB,
with no significant change in FDX1 expression (Figure 7D).
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FIGURE 7 | Effects of PKM2-mediated DLAT expression via microglial extracellular vesicles on copper-induced cell death in hippocampal
neurons. Note: (A) Co-immunoprecipitation experiments were performed to examine the interaction between PKM2 and DLAT. (B) Western blot
was conducted to measure the protein expression of PKM2 and DLAT in different groups of hippocampal neurons. (C) Immunofluorescence staining
was used to detect the aggregation of DLAT in the mitochondria of hippocampal neurons (25um). Green fluorescence represents DLAT, and red
fluorescence represents mitochondria. (D) Western blot was performed to measure the expression of copper-induced cell death-related proteins
in different groups of hippocampal neurons. (E) CCK-8 assay was conducted to determine the relative cell survival rate of different groups of
hippocampal neurons. In Figures (A-D), * indicates a significance level of p <0.05 compared to the M-exo-sh-NC + oe-NC group, while # indicates
a significance level of p<0.05 compared to the M-exo-sh-PKM + o0e-NC group. In (E), * denotes a significance level of p<0.05 compared to the
Control group, # indicates a significance level of p <0.05 compared to the M-exo-sh-NC + oe-NC group, and & indicates a significance level of p <0.05
compared to the M-exo-sh-PKM + oe-NC group. The cell experiments were repeated three times.
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FIGURE 8 | Microglial exosomes transfer PKM2 mediating neuronal copper-induced death impacting AD progression. Note: (A) Co-
Immunoprecipitation assay to detect the protein-protein interaction of PKM2 and DLAT in the hippocampal tissue of each group of mice; (B)
immunohistochemistry to assess the protein expression of PKM2 and DLAT in the hippocampal tissue of each group of mice (scale: 50 um); (C)
Nissl staining to evaluate neuronal damage in the CA1 and CA3 regions of the hippocampal tissue of WT and 5xFAD mice (scale: 50 um); (D) escape
latency of each group of mice in the Morris water maze test; (E) time taken by each group of mice to cross the platform in the Morris water maze test;
(F) western blot analysis of the expression of Fe-S cluster proteins and protein toxicity stress markers in the hippocampal tissue of each group of mice.
* indicates comparison with the 5XFAD + M-exo-sh-NC + oe-NC group, p <0.05; # indicates comparison with the 5XxFAD + M-exo-sh-PKM + oe-NC
group, p<0.05, with 6 mice in each group.

The CCK-8 assay results showed that compared to the M-
ex0-sh-NC + oe-NC group, the hippocampal neuron cell vi-
ability was increased in the M-exo-sh-PKM + oe-NC group.
Conversely, the relative cell survival rate of hippocampal neu-
rons was significantly reduced in the M-exo-sh-PKM mut + oe
NC group compared to the M-exo-sh-PKM +oe-NC group.
Furthermore, the relative cell survival rate of hippocampal

neurons was decreased in the M-exo-sh-PKM + oe-DLAT
group compared to the M-exo-sh-PKM +oe-NC group
(Figure 7E). This indicates that mutation of the targeted
PKM1 sequence, as in M-exo-sh-PKM mut + oe NC, has a sim-
ilar impact to M-exo-sh-NC + oe-NC, suggesting the specific
influence of the PKM silencing sequence on PKM levels and
regulation.

17 of 22



The above results indicate that exosomes from microglia could
promote DLAT expression in hippocampal neurons by transmit-
ting PKM2, leading to neuronal copper death.

3.10 | Microglial-Derived Extracellular Vesicles
Mediate PKM2 Transfer to Regulate DLAT
Expression, Neuronal Survival, and Cognitive
Function in 5xFAD AD Mice

Finally, we further validated in the 5XFAD transgenic mouse model
the molecular mechanism of how extracellular vesicle-mediated
transfer of PKM2 by microglia affects neuronal copper-induced
death and the progression of AD. Initially, we confirmed the inter-
action between PKM2 and DLAT through co-immunoprecipitation
experiments (Figure 8A). Subsequently, immunohistochemis-
try was performed to assess the expression of PKM2 and DLAT
in the hippocampus of the mouse groups. It was observed that
compared to the 5XFAD +M-exo-sh-NC+oe-NC group, the ex-
pression of PKM2 and DLAT1 was significantly decreased in
the hippocampal tissue of the 5XxFAD +M-exo-sh-PKM +oe-NC
group. Conversely, in the 5xFAD +M-exo-sh-PKM mut+oe NC
group, there was a marked increase in the expression of PKM2
and DLAT1 compared to the 5XxFAD 4+ M-exo-sh-PKM+oe-NC
group. Furthermore, when comparing the 5xFAD +M-exo-sh-
PKM + oe-NC group with the 5xFAD +M-exo-sh-PKM +oe-DLAT
group, a notable increase in DLAT1 expression was observed in
the latter group (Figure 8B). The Nissl staining results showed
that compared with the 5xFAD +M-exo-sh-NC+o0e-NC group,
the Nissl bodies in the hippocampal tissue of the 5xFAD+ M-
exo-sh-PKM +o0e-NC group mice were increased, indicating a
reduction in hippocampal neuronal damage. In comparison, the
Nissl bodies in the hippocampal tissue of mice were significantly
reduced in the 5XFAD +M-exo-sh-PKM mut+oe NC group com-
pared to the 5XFAD +M-exo-sh-PKM+o0e-NC group, indicating
a notable increase in hippocampal neuronal damage. Compared
with the 5xFAD + M-exo-sh-PKM +oe-NC group, the Nissl bodies
in the hippocampal tissue of the 5XxFAD +M-exo-sh-PKM + oe-
DLAT group mice were decreased, indicating an increase in hip-
pocampal neuronal damage (Figure 8C). The Morris water maze
experiment results showed that compared with the 5xFAD + M-
exo-sh-NC+o0e-NC group, the escape latency of mice in the
5xFAD + M-exo-sh-PKM + oe-NC group was reduced, and the time
to cross the platform was increased. In comparison, the escape
latency of mice showed a significant increase in the 5XFAD + M-
exo-sh-PKM mut+oe NC group compared to the 5xFAD + M-exo-
sh-PKM + oe-NC group, while the time taken to cross the platform
was notably reduced. Compared with the 5xFAD 4 M-exo-sh-
PKM + oe-NC group, the escape latency of mice in the 5XFAD + M-
exo-sh-PKM +o0e-DLAT group was increased, and the time to
cross the platform was reduced (Figure 8D,E).

In the analysis through Western blot for copper death-related
protein expression, the results revealed the following: in compar-
ison to the 5XFAD + M-exo-sh-NC + oe-NC group, the hippocam-
pal tissue of mice in the 5XFAD + M-exo-sh-PKM + oe-NC group
showed a significant decrease in FDX1 and HSP70 protein expres-
sion, while the expression of Fe-S cluster proteins POLD1, ACO2,
and SDHB was notably increased. Conversely, the 5xXFAD + M-
exo-sh-PKM mut+oe NC group exhibited a significant increase
in FDX1 and HSP70 protein expression, and a decrease in Fe-S

cluster proteins POLD1, ACO2, and SDHB expression compared
to the 5XxFAD +M-exo-sh-PKM+o0e-NC group. Furthermore,
when compared to the 5XFAD + M-exo-sh-PKM + oe-NC group,
the 5xFAD +M-exo-sh-PKM +oe-DLAT group displayed a sig-
nificant increase in HSP70 protein expression, alongside a nota-
ble decrease in Fe-S cluster proteins POLD1, ACO2, and SDHB
expression, while FDX1 protein expression showed no signifi-
cant changes (Figure 8F). The findings suggest that mutating the
effective target site of PKM1 to 5xFAD + M-exo-sh-PKM mut + oe
NC results in similar impacts compared to 5xFAD + M-exo-
sh-NC+o0e-NC, indicating that the silencing sequence of PKM
has a specific influence on PKM levels and regulation.

The results indicate that extracellular vesicles derived from
microglial cells mediate the transfer of sh-PKM, downregu-
late DLAT expression, and inhibit copper-induced cell death,
thereby alleviating cognitive impairment in AD mice.

4 | Discussion

In conclusion, our findings suggest that microglia-derived
extracellular vesicles can deliver PKM2 to hippocampal

PKM DNA
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FIGURE 9 | Schematic representation of the molecular mechanism
by which extracellular vesicles derived from microglia deliver PKM2 to
regulate DLAT expression, influencing neuronal copper-induced death
and AD progression.
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neurons, upregulate DLAT protein expression, leading to
copper-mediated neuronal death in the hippocampus, and ex-
acerbate cognitive dysfunction in AD mice (Figure 9). AD is a
severe neurodegenerative disorder, and current treatment op-
tions offer limited therapeutic benefits, highlighting the urgent
need for innovative research breakthroughs [65-67]. This study
has made groundbreaking discoveries in understanding the
mechanisms of neuronal copper-mediated death and the role
of microglia-derived extracellular vesicles in AD. Initially, our
bioinformatics analysis identified DLAT as a potential key me-
diator of neuronal copper-mediated death in AD. Subsequently,
through animal experiments and cell studies, we validated that
microglia-derived extracellular vesicles promote DLAT expres-
sion by delivering PKM2, leading to copper-mediated neuronal
death and accelerating AD progression. This finding offers a
new research avenue for the treatment of AD by inhibiting the
expression of DLAT through blocking the transfer of PKM2 by
microglia-derived extracellular vesicles, potentially attenuating
neuronal copper-mediated death and slowing down AD pro-
gression [68]. Therefore, this study not only holds significant
scientific value in deepening our understanding of AD but also
possesses crucial clinical implications for the development of
novel therapeutic strategies.

This study utilized snRNA-seq analysis to reveal the potential
interaction of microglial cells with neurons in AD. Our snRNA-
seq analysis results also indicate the communication between
other cells in the brain tissue of AD mice, such as astrocytes and
oligodendrocytes, with neurons. Research suggests that astro-
cytes and microglial cells are significant sources of neuronal
exosomes during neurodegeneration processes [69]. Astrocytic
exosomes impact neurodegenerative diseases through metabolic
balance and ubiquitin-dependent protein regulation, whereas
exosomes from microglial cells influence neurodegeneration
through immune inflammation and oxidative stress [70]. Our
findings demonstrate a noticeable increase in the number of
microglial cells in AD, along with enhanced interaction with
neurons, leading us to hypothesize that microglial exosomes
may play a more critical role in AD. Further analysis revealed
20 intersecting genes obtained by intersecting the differentially
expressed genes in the sequencing dataset with genes expressed
in microglial exosome as retrieved from the ExoCarta database.
Protein-protein interaction analysis between these 20 intersect-
ing genes and DLAT indicated a high expression of interact-
ing proteins in microglial cells of AD mice. Notably, ATP1A3
and PKM showed more significant differential changes.
Subsequently, using the PPA-Pred website for prediction, we
found a strong interaction between PKM and DLAT (Kd <10-8 M
indicating a strong bond, Table S2). Subsequent in vitro experi-
ments involving the secretion of microglia extracellular vesicles
revealed the delivery of PKM2 protein to neurons. Further, Co-
IP experiments confirmed the interaction between PKM2 and
DLAT, leading to an upregulation of DLAT protein expression,
resulting in hippocampal neuron death and exacerbating cog-
nitive dysfunction in AD mice. This finding underscores the
significant role of microglia extracellular vesicles in the patho-
genesis of AD, offering a potential avenue for novel therapeutic
strategies. While previous research has highlighted the crucial
role of neuroinflammation, particularly microglia activation, in
AD, prior studies have predominantly focused on the cytokine
secretion of microglia. This study, however, unveils for the first

time the impact of microglia-derived extracellular vesicles in
AD [71]. Our experimental results demonstrate the pivotal roles
of PKM2 and DLAT in copper-induced neuronal death. It is
suggested that PKM2 may influence neuronal copper ion levels
and thereby alter neuron survival by regulating the expression
of DLAT. This discovery not only illuminates the significant in-
volvement of copper ions in neuronal survival but also presents
novel potential drug targets for AD.

Copper is an essential element in cells, serving as an elec-
tron acceptor or donor in various reactions. Humans and
other mammals primarily acquire copper ions from dietary
sources, which are absorbed by intestinal cells before utiliza-
tion within the body. However, extracellular copper ions exist
in a divalent form and cannot be directly utilized by cells [72].
Therefore, divalent copper ions need to be catalyzed by the
enzymes DCYTB, Steap 2, Steap 3, and Steap 4 to be reduced
to Cu + before binding to Ctrl (copper transporter 1) for trans-
port into cells [73]. Nonetheless, the excessive accumulation
of copper ions within cells can lead to harmful reactions. For
instance, in AD, a significant buildup of copper ions has been
observed in senile plaques composed of amyloid- (Af) pep-
tide and neurofibrillary tangles (NFT), indicating a potential
contributory factor to AD pathogenesis [74]. By analyzing
expression profile data related to AD, this study reveals up-
regulation of DLAT in AD, and knocking down DLAT can
ameliorate cognitive impairments in an AD mouse model.
Furthermore, studies suggest that DLAT, as a protein with a
lipoic acid group, readily binds to cuprous ions. Therefore, the
upregulation of DLAT in AD may be a significant factor con-
tributing to copper metabolism imbalance. Additionally, de-
spite DLAT's involvement in numerous metabolic processes,
its role in AD remains unclear [75, 76].

This study provides initial evidence that DLAT may be a key
factor mediating neuronal copper death in AD, opening up
new avenues for its treatment. Through in vitro and in vivo
experiments, we observed that glial exosomes can transfer
PKM2 to hippocampal neurons, affecting DLAT expression.
Additionally, Co-IP experiments revealed a direct interac-
tion between PKM2 and DLAT. This interaction suggests a
novel therapeutic strategy for AD by modulating the inter-
action between PKM2 and DLAT to alter neuronal copper
levels and thereby influence neuronal survival. In vivo ex-
periments showed that inhibiting glial exosome secretion of
PKM2 downregulates DLAT expression, inhibiting neuronal
copper death and consequently attenuating AD progression.
This finding uncovers a potential link between glial exosomes
and neuronal copper death, offering a fresh perspective on AD
treatment.

This research unravels the molecular mechanisms underlying
neuronal copper death in AD and the critical role played by
glial exosomes at both in vivo animal and in vitro cellular lev-
els. However, there are limitations. Clinical sample testing was
not conducted due to constraints, highlighting the need to verify
copper death and related factor expression changes in clinical
samples from AD patients. Moreover, further investigations are
required to delve into the mechanisms associated with copper
death, aiming to provide potential targets for the diagnosis and
treatment of clinical AD patients.
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While our study has yielded promising findings, it also has
limitations. Primarily reliant on animal models and cell exper-
iments, our study, although capable of simulating human AD
conditions, falls short in comparison to the complexity of the
human body, potentially underestimating or overestimating
the roles of certain mechanisms. Although our results demon-
strate that glial exosomes transmit PKM2 and promote DLAT
expression, the specific mechanisms of transmission and action
require further study. Additionally, the data primarily sourced
from the GEO database may impact the stability and reliability
of the results. Factors such as environmental and genetic influ-
ences on AD progression were not taken into account.

Despite the limitations, our findings undoubtedly offer a new
perspective for AD treatment. Future research should further
explore the specific role of glial exosomes in AD, potentially
through proteomic or RNA sequencing analysis to unveil their
role in the AD network. Elucidating how PKM2 regulates DLAT
to induce neuronal copper death requires further experimental
validation. Ultimately, translating these laboratory research
findings into clinical applications to provide more effective
treatment for AD patients is crucial. Incorporating human sam-
ples and conducting more in-depth clinical trials and long-term
follow-up studies in future research will be essential. Overall,
this study points toward new directions and potential targets for
future AD research and treatment.

Author Contributions

X.M.,Y.S.,Y.N., and J.H. designed the study. C.L., MW, Q.Z., X.Z., and
F.W. collated the data, carried out data analyses and produced the ini-
tial draft of the manuscript. X.M., Y.S., Y.N., and J.H. contributed to
drafting the manuscript. All authors have read and approved the final
submitted manuscript.

Acknowledgments

The authors have nothing to report.

Ethics Statement

The Ethics Committee has approved all animal experimental proce-
dures for Animal Experiments of Taiyuan Institute of Technology.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data underlying this article will be shared on reasonable request to
the corresponding author.

Funding

This study was supported by the Fundamental Research Program of
Shanxi Province (Grants 202303021211194 and 20210302124333), Fund
for Shanxi “1331” Project, Program for the (Reserver) Discipline Leaders
of Taiyuan Institute of Technology.

References

1. L. Jia, Y. Du, L. Chu, et al., “Prevalence, Risk Factors, and Man-
agement of Dementia and Mild Cognitive Impairment in Adults Aged

60Years or Older in China: A Cross-Sectional Study,” Lancet Public
Health 5, no. 12 (2020): e661-e671, https://doi.org/10.1016/S2468-
2667(20)30185-7.

2. K. Chakraborty, S. Kar, B. Rai, et al., “Copper Dependent ERK1/2
Phosphorylation Is Essential for the Viability of Neurons and Not Glia,”
Metallomics 14, no. 4 (2022): mfac005, https://doi.org/10.1093/mtomcs/
mfac005.

3.S.Kalita, S. Kalita, A. H. Kawa, et al., “Copper Chelating Cyclic Pep-
tidomimetic Inhibits Af Fibrillogenesis,” RSC Medicinal Chemistry 13,
no. 6 (2022): 761-774, https://doi.org/10.1039/d2md00019a.

4. K. Zubcié, P. R. Hof, G. Simi¢, and M. Jazvin§¢ak Jembrek, “The Role
of Copper in Tau-Related Pathology in Alzheimer's Disease,” Frontiers
in Molecular Neuroscience 13 (2020): 572308, https://doi.org/10.3389/
fnmol.2020.572308.

5.L. M. Plum, L. Rink, and H. Haase, “The Essential Toxin: Impact of
Zinc on Human Health,” International Journal of Environmental Re-
search and Public Health 7, no. 4 (2010): 1342-1365, https://doi.org/10.
3390/ijerph7041342.

6. F. Bovio, B. Sciandrone, C. Urani, P. Fusi, M. Forcella, and M. E. Rego-
nesi, “Superoxide Dismutase 1 (SOD1) and Cadmium: A Three Models
Approach to the Comprehension of Its Neurotoxic Effects,” Neurotoxi-
cology 84 (2021): 125-135, https://doi.org/10.1016/j.neuro.2021.03.007.

7.R. Zhao, M. Ying, S. Gu, et al., “Cysteinyl Leukotriene Receptor 2 Is
Involved in Inflammation and Neuronal Damage by Mediating Microg-
lia M1/M2 Polarization Through NF-xB Pathway,” Neuroscience 422
(2019): 99-118, https://doi.org/10.1016/j.neuroscience.2019.10.048.

8.S.R. Var, A. V. Shetty, A. W. Grande, W. C. Low, and M. C. Cheeran,
“Microglia and Macrophages in Neuroprotection, Neurogenesis, and
Emerging Therapies for Stroke,” Cells 10, no. 12 (2021): 3555, https://doi.
0rg/10.3390/cells10123555.

9. Z.Chen and B. D. Trapp, “Microglia and Neuroprotection,” Journal of
Neurochemistry 136, no. Suppl 1 (2016): 10-17, https://doi.org/10.1111/
jnc.13062.

10. J. Fernandez, T. W. Jimenez-Rodriguez, and N. Blanca-Lopez, “Clas-
sifying Cephalosporins: From Generation to Cross-Reactivity,” Current
Opinion in Allergy and Clinical Immunology 21, no. 4 (2021): 346-354,
https://doi.org/10.1097/ACI.0000000000000755.

11. T. Wan, Y. Huang, X. Gao, W. Wu, and W. Guo, “Microglia Polariza-
tion: A Novel Target of Exosome for Stroke Treatment,” Frontiers in Cell
and Developmental Biology 10 (2022): 842320, https://doi.org/10.3389/
fcell.2022.842320.

12. W. Cai, T. Wu, and N. Chen, “The Amyloid-Beta Clearance: From
Molecular Targets to Glial and Neural Cells,” Biomolecules 13, no. 2
(2023): 313, https://doi.org/10.3390/biom13020313.

13.P. K. Arnold and L. W. S. Finley, “Regulation and Function of
the Mammalian Tricarboxylic Acid Cycle,” Journal of Biological
Chemistry 299, no. 2 (2023): 102838, https://doi.org/10.1016/j.jbc.2022.
102838.

14. R. Ganetzky, E. M. McCormick, and M. J. Falk, “Primary Pyruvate
Dehydrogenase Complex Deficiency Overview,” in GeneReviews®, eds.
M. P. Adam, J. Feldman, G. M. Mirzaa, et al. (Seattle, WA: University of
Washington, Seattle, 2021).

15. P. Tsvetkov, S. Coy, B. Petrova, et al., “Copper Induces Cell Death by
Targeting Lipoylated TCA Cycle Proteins [published correction appears
in Science. 2022 Apr 22;376(6591):eabq4855.].” Science 375, no. 6586
(2022): 1254-1261, https://doi.org/10.1126/science.abf0529.

16. M. Yang, H. Zheng, K. Xu, et al., “A Novel Signature to Guide Os-
teosarcoma Prognosis and Immune Microenvironment: Cuproptosis-
Related IncRNA,” Frontiers in Immunology 13 (2022): 919231, https://
doi.org/10.3389/fimmu.2022.919231.

17. P. Doddapattar, R. Dev, M. Ghatge, et al., “Myeloid Cell PKM2 Dele-
tion Enhances Efferocytosis and Reduces Atherosclerosis,” Circulation

20 of 22

CNS Neuroscience & Therapeutics, 2024


https://doi.org/10.1016/S2468-2667(20)30185-7
https://doi.org/10.1016/S2468-2667(20)30185-7
https://doi.org/10.1093/mtomcs/mfac005
https://doi.org/10.1093/mtomcs/mfac005
https://doi.org/10.1039/d2md00019a
https://doi.org/10.3389/fnmol.2020.572308
https://doi.org/10.3389/fnmol.2020.572308
https://doi.org/10.3390/ijerph7041342
https://doi.org/10.3390/ijerph7041342
https://doi.org/10.1016/j.neuro.2021.03.007
https://doi.org/10.1016/j.neuroscience.2019.10.048
https://doi.org/10.3390/cells10123555
https://doi.org/10.3390/cells10123555
https://doi.org/10.1111/jnc.13062
https://doi.org/10.1111/jnc.13062
https://doi.org/10.1097/ACI.0000000000000755
https://doi.org/10.3389/fcell.2022.842320
https://doi.org/10.3389/fcell.2022.842320
https://doi.org/10.3390/biom13020313
https://doi.org/10.1016/j.jbc.2022.102838
https://doi.org/10.1016/j.jbc.2022.102838
https://doi.org/10.1126/science.abf0529
https://doi.org/10.3389/fimmu.2022.919231
https://doi.org/10.3389/fimmu.2022.919231

Research 130, no. 9 (2022): 1289-1305, https://doi.org/10.1161/CIRCR
ESAHA.121.320704.

18. D. Pan, J. Wang, M. Li, et al., “Changes in Gene Expression and En-
zyme Activity Related to Glucose Metabolism in the Livers of Brandt's
Voles (Lasiopodomys brandtii) Exposed to Hypoxia,” Comparative Bio-
chemistry and Physiology. Part A, Molecular & Integrative Physiology
279 (2023): 111384, https://doi.org/10.1016/j.cbpa.2023.111384.

19.7. Liu, T. Lichtenberg, K. A. Hoadley, et al., “An Integrated TCGA
Pan-Cancer Clinical Data Resource to Drive High-Quality Survival
Outcome Analytics,” Cell 173, no. 2 (2018): 400-416.e11., https://doi.
0rg/10.1016/j.cell.2018.02.052.

20.D. Bu, H. Luo, P. Huo, et al., “KOBAS-i: Intelligent Prioritization
and Exploratory Visualization of Biological Functions for Gene Enrich-
ment Analysis,” Nucleic Acids Research 49, no. W1 (2021): W317-W325,
https://doi.org/10.1093/nar/gkab447.

21.D. Chen, J. Liu, L. Zang, et al., “Integrated Machine Learning
and Bioinformatic Analyses Constructed a Novel Stemness-Related
Classifier to Predict Prognosis and Immunotherapy Responses for
Hepatocellular Carcinoma Patients,” International Journal of Bio-
logical Sciences 18, no. 1 (2022): 360-373, https://doi.org/10.7150/ijbs.
66913.

22.Y.Zhang, R. Xia, M. Ly, et al., “Machine-Learning Algorithm-Based
Prediction of Diagnostic Gene Biomarkers Related to Immune Infiltra-
tion in Patients With Chronic Obstructive Pulmonary Disease,” Fron-
tiers in Immunology 13 (2022): 740513, https://doi.org/10.3389/fimmu.
2022.740513.

23.Y. Hao, S. Hao, E. Andersen-Nissen, et al., “Integrated Analysis of
Multimodal Single-Cell Data,” Cell 184, no. 13 (2021): 3573-3587.€29.,
https://doi.org/10.1016/j.cell.2021.04.048.

24.T. Yan, W. Qiu, H. Weng, Y. Fan, G. Zhou, and Z. Yang, “Single-Cell
Transcriptomic Analysis of Ecosystems in Papillary Thyroid Carcinoma
Progression,” Frontiers in Endocrinology 12 (2021): 729565, https://doi.
org/10.3389/fendo.2021.729565.

25.W. Jin, X. Liao, Y. Lv, et al., “MUC1 Induces Acquired Chemo-
resistance by Upregulating ABCB1 in EGFR-Dependent Manner,”
Cell Death & Disease 8, no. 8 (2017): e2980, https://doi.org/10.1038/
cddis.2017.378.

26.B. Zhu, Y. Liu, S. Hwang, et al., “Trem2 Deletion Enhances Tau
Dispersion and Pathology Through Microglia Exosomes,” Molecular
Neurodegeneration 17, no. 1 (2022): 58, https://doi.org/10.1186/s13024-
022-00562-8.

27.V. F. Lazarev, M. Tsolaki, E. R. Mikhaylova, et al., “Extracellular
GAPDH Promotes Alzheimer Disease Progression by Enhancing Amy-
loid- Aggregation and Cytotoxicity,” Aging and Disease 12, no. 5 (2021):
1223-1237, https://doi.org/10.14336/AD.2020.1230.

28. M. Moon, E. S. Jung, S. G. Jeon, et al., “Nurrl (NR4A2) Regulates
Alzheimer's Disease-Related Pathogenesis and Cognitive Function in
the SXFAD Mouse Model,” Aging Cell 18, no. 1 (2019): 12866, https://
doi.org/10.1111/acel.12866.

29.S. Rangaraju, E. B. Dammer, S. A. Raza, et al., “Identifica-
tion and Therapeutic Modulation of a Pro-Inflammatory Sub-
set of Disease-Associated-Microglia in Alzheimer's Disease,”
Molecular Neurodegeneration 13, no. 1 (2018): 24, DOI: 10.1186/
$13024-018-0254-8.

30. H. Liu, M. Jin, M. Ji, W. Zhang, A. Liu, and T. Wang, “Hypoxic Pre-
treatment of Adipose-Derived Stem Cell Exosomes Improved Cognition
by Delivery of Circ-Epcl and Shifting Microglial M1/M2 Polarization
in an Alzheimer's Disease Mice Model,” Aging (Albany NY) 14, no. 7
(2022): 3070-3083, https://doi.org/10.18632/aging.203989.

31.P. Xian, Y. Hei, R. Wang, et al., “Mesenchymal Stem Cell-
Derived Exosomes as a Nanotherapeutic Agent for Amelioration of
Inflammation-Induced Astrocyte Alterations in Mice,” Theranostics 9,
no. 20 (2019): 5956-5975, https://doi.org/10.7150/thno.33872.

32.Y. Zhang, Q. Zhou, L. Lu, et al., “Copper Induces Cognitive Impair-
ment in Mice via Modulation of Cuproptosis and CREB Signaling,” Nu-
trients 15, no. 4 (2023): 972, https://doi.org/10.3390/nu15040972.

33.W. Liu, J. Li, M. Yang, et al., “Chemical Genetic Activation of the
Cholinergic Basal Forebrain Hippocampal Circuit Rescues Memory
Loss in Alzheimer's Disease,” Alzheimer's Research & Therapy 14, no. 1
(2022): 53, https://doi.org/10.1186/s13195-022-00994-w.

34.Y. Cai, Y. Chai, Y. Fu, et al., “Salidroside Ameliorates Alzheimer's
Disease by Targeting NLRP3 Inflammasome-Mediated Pyroptosis,”
Frontiers in Aging Neuroscience 13 (2022): 809433, https://doi.org/10.
3389/fnagi.2021.809433.

35.L. Li, Y. Li, J. Lin, et al., “Phosphorylated Myosin Light Chain 2 (p-
MLC?2) as a Molecular Marker of Antemortem Coronary Artery Spasm,”
Medical Science Monitor 22 (2016): 33163327, https://doi.org/10.12659/
msm.900152.

36. R. Velazquez, E. Ferreira, S. Knowles, et al., “Lifelong Choline Sup-
plementation Ameliorates Alzheimer's Disease Pathology and Associ-
ated Cognitive Deficits by Attenuating Microglia Activation,” Aging Cell
18, no. 6 (2019): 13037, https://doi.org/10.1111/acel.13037.

37.M. F. Guo, H. Y. Zhang, Y. H. Li, et al., “Fasudil Inhibits the Acti-
vation of Microglia and Astrocytes of Transgenic Alzheimer's Disease
Mice via the Downregulation of TLR4/Myd88/NF-xB Pathway,” Jour-
nal of Neuroimmunology 346 (2020): 577284, https://doi.org/10.1016/].
jneuroim.2020.577284.

38. W. Wang, K. Lu, X. Jiang, et al., “Ferroptosis Inducers Enhanced
Cuproptosis Induced by Copper Ionophores in Primary Liver Cancer,”
Journal of Experimental & Clinical Cancer Research 42, no.1(2023): 142,
https://doi.org/10.1186/s13046-023-02720-2.

39. S. Huo, Q. Wang, W. Shi, et al., “ATF3/SPI1/SLC31A1 Signaling Pro-
motes Cuproptosis Induced by Advanced Glycosylation End Products
in Diabetic Myocardial Injury,” International Journal of Molecular Sci-
ences 24, no. 2 (2023): 1667, https://doi.org/10.3390/ijms24021667.

40.Y.Y. Niu, Y. Y. Zhang, Z. Zhu, et al., “Elevated Intracellular Copper
Contributes a Unique Role to Kidney Fibrosis by Lysyl Oxidase Medi-
ated Matrix Crosslinking,” Cell Death & Disease 11, no. 3 (2020): 211,
https://doi.org/10.1038/s41419-020-2404-5.

41. H. Zhong, H. Yu, J. Sun, et al., “Isolation of Microglia From Reti-
nas of Chronic Ocular Hypertensive Rats,” Open Life Sciences 16, no. 1
(2021): 992-1001, https://doi.org/10.1515/biol-2021-0100.

42.J. Kang, W. Kim, H. Seo, et al., “Radiation-Induced Overexpression
of Transthyretin Inhibits Retinol-Mediated Hippocampal Neurogen-
esis,” Scientific Reports 8, no. 1 (2018): 8394, https://doi.org/10.1038/
$41598-018-26762-1.

43.P. Zhang, H. Zhou, K. Lu, Y. Lu, Y. Wang, and T. Feng, “Exosome-
Mediated Delivery of MALAT1 Induces Cell Proliferation in Breast
Cancer,” Oncotargets and Therapy 11 (2018): 291-299, https://doi.org/
10.2147/0OTT.S155134.

44.R. Yang, H. Huang, S. Cui, Y. Zhou, T. Zhang, and Y. Zhou, “IFN-y
Promoted Exosomes From Mesenchymal Stem Cells to Attenuate Coli-
tis via miR-125a and miR-125b,” Cell Death & Disease 11, no. 7 (2020):
603, https://doi.org/10.1038/s41419-020-02788-0.

45. F. Chen, B. Xu, J. Li, et al., “Hypoxic Tumour Cell-Derived Exosomal
miR-340-5p Promotes Radioresistance of Oesophageal Squamous Cell
Carcinoma via KLF10,” Journal of Experimental & Clinical Cancer Re-
search 40, no. 1 (2021): 38, https://doi.org/10.1186/s13046-021-01834-9.

46.J. Xu, Y. Xiao, B. Liu, et al., “Exosomal MALAT1 Sponges miR-
26a/26b to Promote the Invasion and Metastasis of Colorectal Cancer
via FUT4 Enhanced Fucosylation and PI3K/Akt Pathway,” Journal of
Experimental & Clinical Cancer Research 39, no. 1 (2020): 54, https://doi.
0rg/10.1186/513046-020-01562-6.

47.X. Cheng, G. Zhang, L. Zhang, et al., “Mesenchymal Stem Cells De-
liver Exogenous miR-21 via Exosomes to Inhibit Nucleus Pulposus Cell

21 0f 22


https://doi.org/10.1161/CIRCRESAHA.121.320704
https://doi.org/10.1161/CIRCRESAHA.121.320704
https://doi.org/10.1016/j.cbpa.2023.111384
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1093/nar/gkab447
https://doi.org/10.7150/ijbs.66913
https://doi.org/10.7150/ijbs.66913
https://doi.org/10.3389/fimmu.2022.740513
https://doi.org/10.3389/fimmu.2022.740513
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.3389/fendo.2021.729565
https://doi.org/10.3389/fendo.2021.729565
https://doi.org/10.1038/cddis.2017.378
https://doi.org/10.1038/cddis.2017.378
https://doi.org/10.1186/s13024-022-00562-8
https://doi.org/10.1186/s13024-022-00562-8
https://doi.org/10.14336/AD.2020.1230
https://doi.org/10.1111/acel.12866
https://doi.org/10.1111/acel.12866
https://doi.org//10.1186/s13024-018-0254-8
https://doi.org//10.1186/s13024-018-0254-8
https://doi.org/10.18632/aging.203989
https://doi.org/10.7150/thno.33872
https://doi.org/10.3390/nu15040972
https://doi.org/10.1186/s13195-022-00994-w
https://doi.org/10.3389/fnagi.2021.809433
https://doi.org/10.3389/fnagi.2021.809433
https://doi.org/10.12659/msm.900152
https://doi.org/10.12659/msm.900152
https://doi.org/10.1111/acel.13037
https://doi.org/10.1016/j.jneuroim.2020.577284
https://doi.org/10.1016/j.jneuroim.2020.577284
https://doi.org/10.1186/s13046-023-02720-2
https://doi.org/10.3390/ijms24021667
https://doi.org/10.1038/s41419-020-2404-5
https://doi.org/10.1515/biol-2021-0100
https://doi.org/10.1038/s41598-018-26762-1
https://doi.org/10.1038/s41598-018-26762-1
https://doi.org/10.2147/OTT.S155134
https://doi.org/10.2147/OTT.S155134
https://doi.org/10.1038/s41419-020-02788-0
https://doi.org/10.1186/s13046-021-01834-9
https://doi.org/10.1186/s13046-020-01562-6
https://doi.org/10.1186/s13046-020-01562-6

Apoptosis and Reduce Intervertebral Disc Degeneration,” Journal of
Cellular and Molecular Medicine 22, no. 1 (2018): 261-276, https://doi.
org/10.1111/jemm.13316.

48.S. Wei, L. Peng, J. Yang, et al., “Exosomal Transfer of miR-15b-3p
Enhances Tumorigenesis and Malignant Transformation Through the
DYNLT1/Caspase-3/Caspase-9 Signaling Pathway in Gastric Cancer,”
Journal of Experimental & Clinical Cancer Research 39, no. 1 (2020): 32,
https://doi.org/10.1186/s13046-019-1511-6.

49. M. Ye, S. Dong, H. Hou, T. Zhang, and M. Shen, “Oncogenic Role
of Long Noncoding RNAMALATI1 in Thyroid Cancer Progression
Through Regulation of the miR-204/IGF2BP2/m6A-MYC Signaling,”
Molecular Therapy - Nucleic Acids 23 (2020): 1-12, https://doi.org/10.
1016/j.0mtn.2020.09.023.

50. D. M. Zhang, T. Zhang, M. M. Wang, et al., “TIGAR Alleviates Isch-
emia/Reperfusion-Induced Autophagy and Ischemic Brain Injury,”
Free Radical Biology & Medicine 137 (2019): 13-23, https://doi.org/10.
1016/j.freeradbiomed.2019.04.002.

51. A.Zhang, G. Wang, L. Jia, T. Su, and L. Zhang, “Exosome-Mediated
microRNA-138 and Vascular Endothelial Growth Factor in Endometri-
osis Through Inflammation and Apoptosis via the Nuclear Factor-xB
Signaling Pathway,” International Journal of Molecular Medicine 43,
no. 1 (2019): 358-370, https://doi.org/10.3892/ijmm.2018.3980.

52. W. Yang, Y. Wang, Y. Huang, et al., “4-Octyl Itaconate Inhibits Aer-
obic Glycolysis by Targeting GAPDH to Promote Cuproptosis in Col-
orectal Cancer,” Biomedicine & Pharmacotherapy 159 (2023): 114301,
https://doi.org/10.1016/j.biopha.2023.114301.

53.Y. Kuranaga, N. Sugito, H. Shinohara, et al., “SRSF3, a Splicer of the
PKM Gene, Regulates Cell Growth and Maintenance of Cancer-Specific
Energy Metabolism in Colon Cancer Cells,” International Journal of
Molecular Sciences 19, no. 10 (2018): 3012, https://doi.org/10.3390/ijms1
9103012.

54.L. Zhang, J. Chen, D. Ning, et al., “FBX022 Promotes the Develop-
ment of Hepatocellular Carcinoma by Regulating the Ubiquitination
and Degradation of p21,” Journal of Experimental & Clinical Cancer Re-
search 38, no. 1(2019): 101, https://doi.org/10.1186/s13046-019-1058-6.

55.H. Zhang, Q. Gao, S. Tan, et al., “SET8 Prevents Excessive DNA
Methylation by Methylation-Mediated Degradation of UHRF1 and
DNMT1,” Nucleic Acids Research 47, no. 17 (2019): 9053-9068, https://
doi.org/10.1093/nar/gkz626.

56. M. Salem, Y. Shan, S. Bernaudo, and C. Peng, “miR-590-3p Targets
Cyclin G2 and FOXO3 to Promote Ovarian Cancer Cell Proliferation,
Invasion, and Spheroid Formation,” International Journal of Molecular
Sciences 20, no. 8 (2019): 1810, https://doi.org/10.3390/ijms20081810.

57. M. Shu, X. Zheng, S. Wu, et al., “Targeting Oncogenic miR-335 In-
hibits Growth and Invasion of Malignant Astrocytoma Cells,” Molecu-
lar Cancer 10 (2011): 59, https://doi.org/10.1186/1476-4598-10-59.

58. A. Mangalmurti and J. R. Lukens, “How Neurons Die in Alzhei-
mer's Disease: Implications for Neuroinflammation,” Current Opin-
ion in Neurobiology 75 (2022): 102575, https://doi.org/10.1016/j.conb.
2022.102575.

59. L. Chen, J. Min, and F. Wang, “Copper Homeostasis and Cuproptosis
in Health and Disease,” Signal Transduction and Targeted Therapy 7,
no. 1 (2022): 378, https://doi.org/10.1038/s41392-022-01229-y.

60. M. Guo, Y. Hao, Y. Feng, et al., “Microglial Exosomes in Neuro-
degenerative Disease,” Frontiers in Molecular Neuroscience 14 (2021):
630808, https://doi.org/10.3389/fnmol.2021.630808.

61.Y. Li, Z. Chen, Q. Wang, et al., “Identification of Hub Proteins in
Cerebrospinal Fluid as Potential Biomarkers of Alzheimer's Disease
by Integrated Bioinformatics,” Journal of Neurology 270, no. 3 (2023):
1487-1500, https://doi.org/10.1007/s00415-022-11476-2.

62.J. Han, J. Hyun, J. Park, et al., “Aberrant Role of Pyruvate Kinase
M2 in the Regulation of Gamma-Secretase and Memory Deficits in

Alzheimer's Disease,” Cell Reports 37, no. 10 (2021): 110102, https://doi.
org/10.1016/j.celrep.2021.110102.

63. W.Zhao, M. Li, S. Wang, Z. Li, H. Li, and S. Li, “CircRNA SRRM4 Af-
fects Glucose Metabolism by Regulating PKM Alternative Splicing via
SRSF3 Deubiquitination in Epilepsy,” Neuropathology and Applied Neu-
robiology 49, no. 1 (2023): 12850, https://doi.org/10.1111/nan.12850.

64. S. Calabretta, P. Bielli, I. Passacantilli, et al., “Modulation of PKM
Alternative Splicing by PTBP1 Promotes Gemcitabine Resistance in
Pancreatic Cancer Cells,” Oncogene 35, no. 16 (2016): 2031-2039, https://
doi.org/10.1038/0nc.2015.270.

65. A. B. Reiss, S. Ahmed, C. Dayaramani, et al., “The Role of Mito-
chondrial Dysfunction in Alzheimer's Disease: A Potential Pathway to
Treatment,” Experimental Gerontology 164 (2022): 111828, https://doi.
org/10.1016/j.exger.2022.111828.

66. E. Passeri, K. Elkhoury, M. Morsink, et al., “Alzheimer’s Disease:
Treatment Strategies and Their Limitations,” International Journal of
Molecular Sciences 23, no. 22 (2022): 13954, https://doi.org/10.3390/
ijms232213954.

67.J. L. Cummings, G. Tong, and C. Ballard, “Treatment Combinations
for Alzheimer's Disease: Current and Future Pharmacotherapy Op-
tions,” Journal of Alzheimer's Disease 67, no. 3 (2019): 779-794, https://
doi.org/10.3233/JAD-180766.

68. D. Moujalled, A. Strasser, and J. R. Liddell, “Molecular Mecha-
nisms of Cell Death in Neurological Diseases,” Cell Death and Dif-
ferentiation 28, no. 7 (2021): 2029-2044, https://doi.org/10.1038/s4141
8-021-00814-y.

69.Y. You and T. Tkezu, “Emerging Roles of Extracellular Vesicles in
Neurodegenerative Disorders,” Neurobiology of Disease 130 (2019):
104512, https://doi.org/10.1016/.nbd.2019.104512.

70. H. M. Xie, X. Su, F. Y. Zhang, et al., “Profile of the RNA in Exosomes
From Astrocytes and Microglia Using Deep Sequencing: Implications
for Neurodegeneration Mechanisms,” Neural Regeneration Research 17,
no. 3 (2022): 608-617, https://doi.org/10.4103/1673-5374.320999.

71. M. Fakhoury, “Microglia and Astrocytes in Alzheimer's Disease:
Implications for Therapy,” Current Neuropharmacology 16, no. 5 (2018):
508-518, https://doi.org/10.2174/1570159X15666170720095240.

72.J. Chen, Y. Jiang, H. Shi, Y. Peng, X. Fan, and C. Li, “The Molecular
Mechanisms of Copper Metabolism and Its Roles in Human Diseases,”
Pfliigers Archiv 472, no. 10 (2020): 1415-1429, https://doi.org/10.1007/
s00424-020-02412-2.

73.R. S. Ohgami, D. R. Campagna, A. McDonald, and M. D. Fleming,
“The Steap Proteins Are Metalloreductases,” Blood 108, no. 4 (2006):
1388-1394, https://doi.org/10.1182/blood-2006-02-003681.

74. F. Moynier, M. L. Borgne, E. Lahoud, et al., “Copper and Zinc Iso-
topic Excursions in the Human Brain Affected by Alzheimer's Disease
[published correction appears in Alzheimers Dement (Amst). 2021 May
02;13(1):€12175.].” Algheimer’s & Dementia (Amsterdam, Netherlands)
12, no. 1 (2020): 12112, https://doi.org/10.1002/dad2.12112.

75.S. Marzorati, P. Invernizzi, and A. Lleo, “Making Sense of Autoan-
tibodies in Cholestatic Liver Diseases,” Clinics in Liver Disease 20, no. 1
(2016): 33-46, https://doi.org/10.1016/j.cld.2015.08.003.

76.J. Wang, G. Yang, A. M. Dubrovsky, J. Choi, and P. S. Leung, “Xe-
nobiotics and Loss of Tolerance in Primary Biliary Cholangitis,” World
Journal of Gastroenterology 22, no. 1 (2016): 338-348, https://doi.org/10.
3748/wjgv22.i1.338.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

22 0f 22

CNS Neuroscience & Therapeutics, 2024


https://doi.org/10.1111/jcmm.13316
https://doi.org/10.1111/jcmm.13316
https://doi.org/10.1186/s13046-019-1511-6
https://doi.org/10.1016/j.omtn.2020.09.023
https://doi.org/10.1016/j.omtn.2020.09.023
https://doi.org/10.1016/j.freeradbiomed.2019.04.002
https://doi.org/10.1016/j.freeradbiomed.2019.04.002
https://doi.org/10.3892/ijmm.2018.3980
https://doi.org/10.1016/j.biopha.2023.114301
https://doi.org/10.3390/ijms19103012
https://doi.org/10.3390/ijms19103012
https://doi.org/10.1186/s13046-019-1058-6
https://doi.org/10.1093/nar/gkz626
https://doi.org/10.1093/nar/gkz626
https://doi.org/10.3390/ijms20081810
https://doi.org/10.1186/1476-4598-10-59
https://doi.org/10.1016/j.conb.2022.102575
https://doi.org/10.1016/j.conb.2022.102575
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.3389/fnmol.2021.630808
https://doi.org/10.1007/s00415-022-11476-2
https://doi.org/10.1016/j.celrep.2021.110102
https://doi.org/10.1016/j.celrep.2021.110102
https://doi.org/10.1111/nan.12850
https://doi.org/10.1038/onc.2015.270
https://doi.org/10.1038/onc.2015.270
https://doi.org/10.1016/j.exger.2022.111828
https://doi.org/10.1016/j.exger.2022.111828
https://doi.org/10.3390/ijms232213954
https://doi.org/10.3390/ijms232213954
https://doi.org/10.3233/JAD-180766
https://doi.org/10.3233/JAD-180766
https://doi.org/10.1038/s41418-021-00814-y
https://doi.org/10.1038/s41418-021-00814-y
https://doi.org/10.1016/j.nbd.2019.104512
https://doi.org/10.4103/1673-5374.320999
https://doi.org/10.2174/1570159X15666170720095240
https://doi.org/10.1007/s00424-020-02412-2
https://doi.org/10.1007/s00424-020-02412-2
https://doi.org/10.1182/blood-2006-02-003681
https://doi.org/10.1002/dad2.12112
https://doi.org/10.1016/j.cld.2015.08.003
https://doi.org/10.3748/wjg.v22.i1.338
https://doi.org/10.3748/wjg.v22.i1.338

	Novel Insights Into DLAT's Role in Alzheimer's Disease-­Related Copper Toxicity Through Microglial Exosome Dynamics
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Transcriptome Data and snRNA-­Seq Acquisition
	2.2   |   Gene Differential Expression Analysis
	2.3   |   PPI Network Construction and Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis
	2.4   |   Lasso Regression and SVM-­RFE Analysis Are Used to Select Disease-­Related Feature Genes
	2.5   |   snRNA-­Seq Analysis
	2.6   |   Constructing AD Transgenic Mouse Models
	2.7   |   Morris Water Maze Experiment (MWM)
	2.8   |   Nissl Staining
	2.9   |   Immunohistochemistry Staining
	2.10   |   Immunofluorescence Assay Detected Expression of DLAT and Activation of Microglia
	2.11   |   Determination of Copper Ion Content
	2.12   |   Copper Ion Content Determination by ICP-­MS
	2.13   |   Isolation of Primary Glial Cells and Hippocampal Neurons
	2.14   |   Extraction and Purification of Microglial Exosomes (M-­exosomes, M-­exo)
	2.15   |   M-­Exo Identification
	2.16   |   M-­exo Cell Uptake Experiment
	2.17   |   Plasmid Transfection and Cell Experiment Grouping
	2.18   |   Cell Counting Kit-­8 (CCK-­8) Assay
	2.19   |   RIP Experiment
	2.20   |   Co-­IP
	2.21   |   RT-­qPCR
	2.22   |   Western Blot
	2.23   |   Statistical Analysis

	3   |   Results
	3.1   |   Identification of 11 Copper Death-­Related Genes Differentially Expressed in AD
	3.2   |   DLAT May Be a Key Gene Mediating Neuronal Copper Death in AD
	3.3   |   Evidence of Copper Death and Elevated DLAT Expression in the Hippocampal Tissue of a 5xFAD AD Mouse Model
	3.4   |   Knockdown of DLAT Alleviates Copper-­Induced Cell Death and Cognitive Dysfunction in 5xFAD AD Mouse Model
	3.5   |   Analysis of snRNA-­Seq Data Revealed an Increase in Microglial Cells in AD, Which Interact With Neurons
	3.6   |   Delivery of PKM2 Into Hippocampal Neurons by Extracellular Vesicles Secreted by Microglia
	3.7   |   HnRNPA2B1 Promotes PKM2 Packaging Into Microglial Extracellular Vesicles
	3.8   |   Downregulation of PKM2 in Microglial-­Derived Exosomes Reduces DLAT Expression and Copper-­Induced Neuronal Death in the Hippocampus
	3.9   |   Microglial Exosomal PKM2 Drives DLAT Expression and Neuronal Copper Death via Protein–Protein Interaction
	3.10   |   Microglial-­Derived Extracellular Vesicles Mediate PKM2 Transfer to Regulate DLAT Expression, Neuronal Survival, and Cognitive Function in 5xFAD AD Mice

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	Funding
	References


