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KEY WORDS Abstract  Aberrant metabolic alterations underlie microglial dysfunction, which plays an important
role during neurodegenerative progression. However, the role of aberrant glycogen metabolism remains

Glycogen metabolism; elusive. Here, we identified glycogen accumulation and upregulated glycogenolytic enzymes in brain

S\l;/GcE%enolysm, microglia from patients with Alzheimer’s disease (AD) and transgenic animal models. Particularly, the
O-GleNAcylation; principal microglial glycogenolytic enzyme PYGL exhibited the most notable spatiotemporal upregula-
SNARE complex; tion during disease progression. Specific knockdown of microglial PYGL ameliorated neuropathological
SNAP29; changes and cognitive deficits in AD mice. Bioinformatics analysis and experimental validation
Autophagosome confirmed that enhancing microglial autophagic flux-dependent AS clearance was the underlying mech-

—lysosome fusion; anism. Furthermore, among all possible glycogenolytic pathways, PYGL downregulation primarily
Autophagy reduced hexosamine biosynthesis pathway activity, diminished UDP-GIcNAc and O-GlcNAcylation of

the autophagy key protein SNAP29, and thereby facilitated formation of the SNARE complex,
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which is essential for autophagosome—lysosome fusion. These findings reveal a glycogenolysis-driven
post-translational pathway regulating microglial autophagy, establishing PYGL as a therapeutic target

for AD.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Alzheimer’s disease (AD) is a progressive, fatal neurodegenerative
disorder characterized by excessive accumulation of §-amyloid
(AQ) plaques, neurofibrillary tangles of hyperphosphorylated tau
protein, and substantial neuronal loss'%. Metabolic dysregulation,
including glucose utilization and altered lipid metabolism, is
increasingly recognized as an early hallmark of AD progression”.
Notably, brain hypometabolism detected by FDG-PET precedes
cognitive decline and correlates with amyloid burden®.

Recent genome-wide association studies have revealed that
microglial dysfunction is a key pathogenic driver®®. Microglial
plasticity, which denotes their ability to adapt functionally and
phenotypically to environmental stimuli, is tightly regulated by
metabolic flexibility’'°. In particular, the well-identified AD risk
genes TREM?2 and APOE have been shown to regulate multiple
metabolic pathways such as glucose, lipid, and amino acid
metabolism, influencing microglial energy balance, immune
responses, and phagocytic activity, thereby revealing their com-
plex links to AD pathology''"'*. Moreover, growing evidence
suggests that aberrant metabolic alterations underlie microglial
dysfunction during AD progression'>!'®. For instance, increased
expression of PKM2 promotes lactate-mediated histone lactyla-
tion and thereby drives proinflammatory microglial activation in
AD". However, the metabolic profile of microglia during AD
progression, and how their aberrant metabolic changes contribute
to AD pathological progression, remain unclear.

Glycogen is an important glucose storage molecule essential
for maintaining physiological function and energy balance'’.
Glycogen metabolism involves processes such as glycogen syn-
thesis and glycogenolysis, which are primarily regulated directly
by glycogen synthases (GYS) and glycogen phosphorylases
(PYG), respectively. Glycogen-derived metabolites serve not only
as energy sources but as key regulators of immune signaling,
influencing redox balance and transcriptional activation. For
instance, during macrophage activation, glycogenolysis fuels the
pentose phosphate pathway (PPP) to generate NADPH and
glutathione for redox control, while providing UDP-glucose
(UDPG) for transcriptional regulation of inflammatory genes'®.
Notably, emerging studies have reported an important role for
glycogen catabolism in aging and cognitive disorders'®°. For
instance, prostaglandin E2 signaling has been shown to promote
glycogen synthesis in peripheral monocytes, while its inhibition
suppressed inflammatory responses and restored spatial memory
in aged mice'®. Moreover, prolonged inhibition of glycogen
phosphorolysis could improve age-related memory deficits?,
although the underlying mechanism has not been investigated.
While glycogen metabolism has been extensively characterized in
peripheral immune cells'®?"??, its role in central nervous system
(CNS) immunity remains largely unexplored. As resident immune
cells in the CNS, microglia exhibit glycogen accumulation during
AD pathogenesis, with glycogen granules potentially serving as a
distinctive feature that distinguishes dark microglia from other

microglial phenotypes. In particular, glycogen-enriched dark
microglia predominantly localize adjacent to A( plaques and
dystrophic neurites in the hippocampus of AD mice®?, suggesting
a potential link between glycogen metabolism and disease-
associated microglial phenotypes. However, the regulatory
mechanisms and functional outcomes of microglial glycogen
metabolism remain undefined.

In this study, we identified aberrant changes in glycogen
metabolism alterations of microglia in patients with AD and
transgenic model mice. Moreover, we demonstrated that PYGL-
mediated glycogenolysis has a central function in controlling
microglial autophagy through the hexosamine biosynthesis
pathway (HBP)-mediated O-GlcNAcylation pathway during AD
progression. Collectively, we reveal a novel immunometabolic
mechanism through which glycogen catabolism regulates auto-
phagic function, proposing microglial PYGL as a potential ther-
apeutic target for AD.

2. Materials and methods
2.1. Antibodies and reagents

All reagents, commercial kits, and antibodies were listed in
Supporting Information Table S1.

2.2.  Animals

C57BL/6 wild-type (WT) mice and Sprague Dawley neonatal rats
were obtained from the Nanjing Medical University Medical
Experimental Animal Center (Nanjing, China). APP/PS1-21
transgenic mice were provided by Prof. M. Jucker (University of
Tuebingen, Germany). The 5 x FAD transgenic mice were ac-
quired from Aniphe Biolaboratory Inc. (Nanjing, China). All an-
imals were housed in a specific pathogen-free barrier facility
under controlled conditions (20—26 °C, 12-h light/dark cycle,
30%—70% humidity) with ad libitum access to food and water.
Although AD affects both sexes, to eliminate the confounding
effects of estrogen, only male mice were used in this study. Pri-
mary cell culture experiments were conducted using Sprague
Dawley neonatal rats at postnatal Days 1—2, maintained under
specific pathogen-free conditions. All animal procedures were
approved by the Animal Care and Use Committee of Nanjing
Medical University and conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (Approval No.
1904008).

2.3. Human brain tissues

Frozen hippocampal tissues from three patients with AD and three
controls were obtained from the Nanjing Medical University Brain
Bank (Approval No. 2022-816), following the Declaration of
Helsinki. The patient information is summarized in Supporting
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Information Table S2. All participants were fully aware of the goal
and possible risk of this study and provided written informed
consent. This study was performed in accordance with the
Declaration of Helsinki.

2.4.  Injection of adeno-associated virus (AAV)

The mouse was anesthetized via inhalation of isoflurane and then
placed in a stereotaxic frame, with the head securely fixed to
ensure a horizontal position. After disinfecting the scalp with
povidone-iodine and removing the hair, a midline scalp incision
was made using sterilized scissors to expose the skull. The skull
surface was cleaned with medical-grade hydrogen peroxide to
clearly identify the Bregma landmark. Using a microsyringe,
0.5 pL of virus was Dbilaterally injected into two
anterior—posterior sites of the hippocampus. The coordinates for
the anterior hippocampal site were as follows: Bregma,
—1.55 mm; lateral, £1 mm; and depth, 2 mm. The posterior
hippocampal site coordinates were: Bregma, —2.7 mm;
lateral, £2 mm; and depth, 2 mm. Following the injection, the
needle was left in place for 10 min before being slowly
withdrawn. The scalp incision was then sutured and disinfected
again, and the mice were monitored continuously until full
recovery. The AAV viruses used in this study were all constructed
and provided by Brain Case Biotechnology Co., Ltd., (Shenzhen,
China). The vector serotype was AAV11, with a titer of 1 x 10"
vg/mL. The shRNA sequence for AAV-PYGL-cKD was
5" TGGAAGAGTTAGAAGAAAT-3'. The complete construct
for AAV-NC was: pAAV-mIBA1-EGFP-5'miR-30a-shRNA
(Scramble)-3'miR-30a-WPRE-4 x miR9T, and the complete
construct for AAV-PYGL-cKD was: pAAV-mIBA 1-EGFP-5'miR-
30a-shRNA(mPygl)-3'miR-30a-WPRE-4 x miR9T.

2.5.  Behavioral tests

2.5.1.  Morris water maze

The Morris water maze test was performed in a circular pool
divided into four quadrants. Mice were randomly placed at one of
the four starting positions, and the time taken to locate the sub-
merged platform (escape latency) was recorded. Each animal
underwent four training trials per day with 15 min intervals
between trials for 5 consecutive days. During the training phase,
the escape latency and the number of platform crossings were
measured and analyzed. One day after the last training session,
probe trials were conducted to assess spatial memory. During the
probe test, the swimming speed, the number of platform crossings,
and the time spent in the target quadrant were recorded and
analyzed.

2.5.2.  Novel object recognition test (NORT)

This test leverages the innate curiosity of mice and their tendency
to explore novel objects. On the first day (habituation phase), each
mouse was placed in an open-field box for 5 min. During the
familiarization phase, two identical cylindrical objects were
placed in the box, and each mouse was allowed to explore for
5 min to become familiar with the objects. In the test phase, one
linder was replaced with a square object, and the mice were
reintroduced to the box for exploration. The frequency and
duration of interaction with the novel object were recorded. After
each session, the box was cleaned with 75% ethanol to remove
olfactory cues. Recognition index was calculated according to
Eqn 1:

Recognition index (%) = Number of novel object explorations /
(Number of novel + Familiar object explorations) x 100 (1)

A higher recognition index indicates better cognitive function.

2.5.3.  Fear conditioning test (FCT)

One day before training, the mice were placed in the conditioning
chamber for a 5 min habituation period. During the training phase,
the mice were placed in the chamber for 180 s before receiving a
30 s auditory stimulus (90 dB, 5000 Hz), followed by a 2 s foot
shock (0.8 mA). After a 30 s interval, the auditory stimulus and
foot shock were repeated. Following the final foot shock, the mice
remained in the chamber for an additional 60 s before being
returned to their home cages. The chamber was cleaned with 75%
ethanol after each session to eliminate residual odors. During the
test phase, mice were exposed only to an auditory stimulus (30 s
duration, 100 s interstimulus intervals). The percentage of freezing
time was recorded and analyzed to assess fear memory.

2.6.  Immunofluorescence

The mouse was anesthetized by intraperitoneal injection of so-
dium pentobarbital and perfused with PBS, followed by fixation
with 4% paraformaldehyde. Fixed brains were dehydrated in 30%
sucrose solution at 4 °C for 3—4 days, with daily solution changes
until the tissues sank. The brains were embedded in OCT com-
pound and snap-frozen at —20 °C for 1—2 days. Fully frozen
tissues were equilibrated in a cryostat for 2 h before sectioning at
15 pwm. The sections were stored in fixative at —20 °C. For
staining, the sections were placed on slides, permeabilized with
0.2% Triton X-100 for 10 min at room temperature, and blocked
with 1% bovine serum albumin (BSA) for 1 h. Primary antibodies
were added and incubated overnight at 4 °C, followed by three
washes with PBST. The secondary antibodies were added and
incubated for 1 h at room temperature in the dark. Finally, the
slides were mounted with DAPI and imaged. The following an-
tibodies were used for immunofluorescence: PYGL (rabbit,
1:1000), ESGIA9 (mouse, 1:50), Ibal (goat, 1:200), and Af
(mouse, 1:200). Fluorescent secondary antibodies (1:500) for 488/
555/647 were purchased from Abcam.

In immunofluorescence detection, the acquisition of images
from each channel was performed using a laser scanning confocal
microscope (LSM900, ZEISS, Oberkochen, Germany) with a
resolution setting of 1024 x 1024 pixels. Fluorescence signals
were identified based on a threshold exceeding 30% of the
maximum fluorescence intensity of the image, and subsequent
statistical analysis was conducted using specific fluorescent anti-
bodies corresponding to each target and their respective imaging
channels. All experimental images included clear scale bars and
were captured randomly within the corresponding tissue regions
or cell culture systems.

For assessing glycogen content in microglia, the same laser
scanning confocal microscope with a 63 x oil immersion objective
was used to randomly select and image Ibal-positive microglial
cells. Glycogen fluorescence staining employed the ESG1A9
antibody?*** developed by Prof. Otto Baba’s laboratory, whose
fluorescence signal also appears green. The imaging resolution
was 1024 px x 1024 px, and the fluorescence threshold was
similarly set at 30% of the maximum fluorescence intensity.
Quantification of glycogen particles was performed using the
Analyze Particles function in ImagelJ software. For each randomly
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captured microglial cell showing both DAPI and Ibal-positive
signals, green fluorescent spots with intensities above the 30%
threshold were identified and counted.

In the 3D reconstruction of glycogen, images were acquired
using a 63x oil immersion objective on the laser scanning
confocal microscope with the following settings: resolution 1024
px x 1024 px, Scan speed: 6. The z-stack acquisition parameters
were configured as follows: slices: 15, Interval: 1 pm, Optimal:
0.5 um. After image acquisition, professional 3D analysis soft-
ware Imaris (version 9.0.1) was used for 3D reconstruction, with
surface detail in smooth set to 0.4 um and absolute intensity in
thresholding set to 20. In the 3D reconstruction, images were
acquired using a 63 x oil immersion objective on the laser
scanning confocal microscope with the following settings: reso-
lution 1024 px x 1024 px, Scan speed: 5. The z-stack acquisition
parameters were configured as follows: slices: 10, Interval: 1 pm,
Optimal: 0.5 pm. After image acquisition, professional 3D anal-
ysis software Imaris (version 9.0.1) was used for 3D reconstruc-
tion, with surface detail in smooth set to 0.3 um and absolute
intensity in thresholding set to 30. This quantification criterion is
consistent with that used in previous literature for 3D recon-
struction of dual immunofluorescence staining of AS (green) and
Ibal (red) in the hippocampal region of AD mice'®. Therefore, in
this study, we also performed 3D reconstruction based on dual
immunofluorescence staining of A@ (green) and Ibal (red) in the
hippocampal region of AD mice. Quantitative analysis of all
fluorescence images was conducted using the Analyze Particles
function in ImageJ software. For each randomly captured field of
view, the system extracted pixel regions where the fluorescence
intensity exceeded 30% of the maximum intensity in the red
channel (Ibal-labeled) and green channel (A@B), respectively, and
calculated their areas. Regions where red and green signals
overlapped were identified as AB and Ibal co-localization areas.
Finally, the degree of co-localization was quantified using the
following formula: area of red-green overlap/total area of green
signal.

2.7.  RNA-fluorescence in situ hybridization (RNA-FISH)

RNA-FISH was performed following the manufacturer’s protocol
(BersinBio, Guangzhou, China). Briefly, frozen tissue sections
were retrieved from —80 °C and rapidly transferred to a slide
warmer for 30 min at 56 °C. The sections were fixed in 90%
ethanol at 4 °C for 20 min and then air-dried at room temperature.
After permeabilization for 10 min and three washes, the sections
were post-fixed in 1% paraformaldehyde for 10 min, followed by
additional washes. The sections were dehydrated in an ethanol
gradient (70%, 80%, 90%, and 100%, 5 min each) and air-dried. A
mixture of probe and hybridization buffer was applied to the
sections, denatured at 73 °C for 5 min, and hybridized overnight at
42 °C. The sections were washed, counterstained with DAPI,
mounted, and visualized using fluorescence microscopy. For
image acquisition, a 63x oil immersion objective on a laser
scanning confocal microscope (LSM900, ZEISS) was used, with
an image resolution set at 1024 px x 1024 px and a scan speed of
3. Within the hippocampal region, Ibal-positive microglia co-
labeled with DAPI were randomly selected for imaging. The
fluorescence signal threshold was set at 30% of the maximum
fluorescence intensity, and areas exceeding this threshold were
defined as regions of interest. Given that the Pygl/ RNA-FISH
signal exhibits green fluorescence, the Analyze Particles func-
tion in ImageJ software was employed to quantify puncta per cell.

Each randomly captured image was analyzed to identify and count
microglia that satisfied the following criteria: positive for DAPI,
positive for Ibal, and containing green fluorescent puncta reaching
the 30% fluorescence intensity threshold*>%’.

2.8.  Cell cultures, transfection, and AB treatment

Poly-L-lysine-coated culture flasks were prepared by incubation
for 12 h and rinsed with PBS. Surgical instruments required for
the experiments were immersed in 75% ethanol for 12 h, air-dried,
and sterilized by autoclaving for subsequent use. On the experi-
mental day, Sprague Dawley rats aged 1—2 days postpartum were
selected. The animals were disinfected by immersion in 75%
ethanol for 2 min before removal. Under a sterile cell culture
hood, the skin and skull of the pups were incised to expose the
brain tissue. The brain tissue was extracted using forceps and
placed in pre-cooled DMEM, then transferred to another sterile
hood where the meninges were carefully removed with sterile
ophthalmic forceps. The tissue was minced, and 10 mL of DMEM
supplemented with 5 pl. of DNase I (50 pg/uL) and 2 mL of
0.25% trypsin was added for digestion in an incubator for 15 min.
FBS was added to terminate digestion, followed by centrifugation
at 100x g for 5 min at 4 °C. After centrifugation, DMEM complete
medium was added in three steps of 15 mL each, with gentle
pipetting ten times and a 2 min settling interval after each addi-
tion. The supernatant was collected, filtered through a 70 pm
strainer into a new centrifuge tube, mixed thoroughly, and seeded
into pre-coated and rinsed culture flasks for incubation. The cul-
ture medium was refreshed every 2 days. The culture medium was
refreshed every 2 days. After 1 week, the microglia were separated
by shaking at 10xg for 5 h, exploiting their weaker adherence.
The harvested primary microglia were assessed for purity via
IBA1 immunocytochemical staining and flow cytometry.
Furthermore, all procedures for microglial culture and isolation
followed standardized protocols'®*®*?, and purity was consis-
tently verified (Supporting Information Fig. S1). Primary astro-
cytes were isolated and cultured using the same initial method as
microglia, but due to their strong adherence, they were sub-
cultured and purified via trypsinization. Primary neurons were
isolated following the same initial protocol as microglia, but were
cultured in neurobasal medium supplemented with B27 for 14
days, with half-medium changes every 2 days.

The human microglial cell line HMC3 was purchased from
Wuhan Procell Life Technology Co., Ltd. (Wuhan, China) and had
been authenticated and tested negative for mycoplasma contami-
nation. The human microglial cell line HMC3 was cultured in
DMEM containing 10% FBS, 1% sodium pyruvate, and 1%
penicillin/streptomycin. All cells were cultured in a constant
temperature incubator at 37 °C with 5% CO,.

For knockdown experiments, siRNA was transfected into
microglia using Lipo3000 in Opti-MEM for 12 h, followed by
medium replacement and a further 12-h incubation. For the
overexpression studies, plasmids were transfected using Lipo3000
and P3000 in Opti-MEM for 6 h, then replaced with complete
medium and cultured for 12 h before subsequent experiments. AS
was purchased from Qyaobio (Shanghai, China), and the cells
were treated with different concentrations for 12 h. In the exper-
imental results, A@ represents oligomerized Apf4,.. Moreover,
thorough biophysical and toxicological characterization of AGy4;
was performed via Western blot and transmission electron mi-
croscopy, supported by literature®®>, confirming the oligomeric
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state of the commercially obtained AB4, which was further
validated experimentally (Supporting Information Fig. S2).

2.9.  Cell immunofluorescence and HilLyte-AB> phagocytosis
assays

The cells were seeded onto pre-coated coverslips in culture wells and
treated with the indicated drugs. After treatment, the cells were
washed with PBS and fixed with 4% paraformaldehyde for 15 min at
room temperature. Fixed cells were permeabilized with 0.1% Triton
X-100 for 5 min to enhance membrane permeability. Subsequently,
nonspecific binding was blocked with 5% BSA for 1 h before incu-
bating with primary antibodies overnight at 4 °C. The next day, the
cells were washed three times with PBST and incubated with fluo-
rescently labeled secondary antibodies for 1 h at room temperature in
the dark. Nuclei were counterstained with DAPI, and coverslips were
mounted for observation and image acquisition using a fluorescence
microscope. For the phagocytosis assay, primary microglia were
seeded in 24-well plates. After treatment, the cells were washed with
PBS and incubated with 10 pLL HiLyte Fluor™ 488-Ag,, per well for
6 h in the dark. The cells were subsequently processed according to
standard immunofluorescence staining procedures. Finally, the DAPI-
stained samples were mounted and examined by fluorescence mi-
croscopy. HiLyte-AB,, was obtained from Anaspec (cat. AS-60479-
01, CA, USA). This reagent has been widely utilized to evaluate the
phagocytic capacity of microglia for AB4,'®. Further characterization
of HiLyte-AB4, via transmission electron microscopy confirmed its
oligomeric properties (Supporting Information Fig. S2). Moreover, it
is broadly recognized and validated for assessing AB4, phagocytic

activity in cellular experimental systems™~~,

2.10.  Glycogen content assay

Tissues or cell lysates were homogenized, and the protein con-
centrations were determined from 50 pL aliquots. The samples
were washed with cold PBS, resuspended in 30% KOH, and
heated for 2 h. Glycogen was precipitated with an equal volume of
95% ethanol before centrifuging and dissolving or resuspending
the pellet in ddH,O. Acidified samples were reprecipitated with
ethanol. The glycogen content was measured using commercial
assay kits, with fluorescence read at E,/E,,= 535 nm/587 nm, and
normalized to protein content.

2.11.  Periodic acid-schiff (PAS) staining

The PAS staining was measured using PAS staining kits according
to the manufacturer’s instructions. Briefly, after treatment, cells
were fixed for 15 min with the kit-provided fixative, washed
thoroughly, and air-dried. An oxidizing reagent was applied at
room temperature, followed by washing. Schiff reagent was added
in the dark and washed with running water for 5 min. PAS-stained
samples were imaged using an optical microscope (Leica, Wetzlar,
Germany), ensuring consistent magnification and illumination
intensity across all samples. PAS staining intensity reflects
glycogen content. Therefore, we assessed PAS staining intensity
with Imagel software by applying a consistent threshold range to
all images, which provided a grayscale value for each pixel>>=°.
2.12.  Transmission electron microscopy

Tissues or cells were collected and fixed in 2.5% glutaraldehyde at
4 °C. Following primary fixation, samples were rinsed three times

with PBS for 15 min each. The samples were then transferred to
1% tannic acid for secondary fixation and washed thoroughly
before dehydration. Dehydration was performed using a graded
ethanol series (30%, 50%, 70%, 80%, 90%, and 100%, 20 min
each), followed by complete dehydration in pure acetone. The
dehydrated samples were infiltrated with epoxy resin, embedded,
and then polymerized at 60 °C for 48 h. The polymerized samples
were sectioned into ultrathin slices (70—90 nm) and mounted onto
copper grids for staining. Ultrathin sections were stained with 2%
uranyl acetate for 15 min, followed by 0.5% lead citrate for
10 min. After air-drying, the samples were examined using a
transmission electron microscope. The ultrastructure of microglia
was analyzed using a Hitachi transmission electron microscope
(80 kV). The identification of microglia and their cytoplasmic
content was previously described in detail’’. Typical microglia
were identified by their heterochromatic nuclei and distinguished
from oligodendrocytes by their elongated endoplasmic reticulum
profiles and the presence of diverse, heterogeneously dispersed
cytoplasmic inclusions, such as lysosomes and lipofuscin gran-
ules. Glycogen granules were classified based on their typical
electron-dense, spherical appearance and a diameter ranging from
22 to 40 nm, consistent with established ultrastructural de-
scriptions of $-glycogen particles in the brain. To minimize false-
positive identification, a threshold of more than five granules per
cell was used to define a microglia as glycogen-positive®’.
Additionally, for transmission electron microscopy sample prep-
aration of oligomerized AB4, and HiLyte-AB4,, a 10 pL aliquot of
each sample was first applied onto a copper grid and allowed to
settle for 1 min. Excess liquid was then removed using filter paper.
Subsequently, 10 pL of uranyl acetate was applied to the grid and
allowed to settle for 1 min, after which the excess staining solution
was removed with filter paper. The grid was then air-dried at room
temperature for 5 min. Imaging was performed using a trans-
mission electron microscope operated at 80 kV and 10 pA.

2.13.  Enzyme-linked immunosorbent assay (ELISA)

For the detection of soluble AB4, and AB4, levels, brain tissue was
homogenized in cold PBS containing 5% BSA, 0.03% Tween-20,
and protease inhibitor cocktail, followed by centrifugation at
16,000x g for 20 min at 4 °C, with the supernatants collected for
analysis. To detect insoluble AB4y and AB4; levels, the resulting
pellet was resuspended in PBS containing 1% Triton X-100 and
protease inhibitors, followed by ultracentrifugation at 100,000x g
for 1 h at 4 °C. The pellet was then resuspended in 70% formic
acid (F112038, Aladdin, Shanghai, China) and subjected to ul-
tracentrifugation at 100,000xg for 1 h at 4 °C. The supernatant
was then neutralized with a formic acid neutralization buffer
(1 mol/L Tris base, 0.5 mol/L Na,HPO,, 0.05% NaNj3) prior to
quantiﬁcati0n38'40. AB4o and Af,, levels were measured using
ELISA kits according to the manufacturer’s instructions, and
absorbance was measured using a microplate reader.

2.14.  mCherry-eGFP-LC3 adenovirus infection

Primary microglial cells in good condition were seeded into 24-
well plates. The cells were infected with mCherry-eGFP-LC3
adenovirus at a final concentration of 1 x 10°PFU/mL
(MOI = 80). The virus was mixed with complete culture medium
before being added to the cells. After 4 h of infection, half of the
medium was replaced with fresh culture medium. 12 h post-
infection, the viral medium was removed, and the cells were



4372

Yi Ding et al.

washed once with PBS and replaced with fresh complete medium
before being maintained at 37 °C in a 5% CO, incubator. At 36 h
post-infection, microglial cells showed optimal fluorescent protein
expression and maintained good viability. The cells were then
processed for subsequent fixation, mounting, and fluorescence
imaging.

2.15.  Flow cytometry

Primary microglial cells were seeded into 24-well plates and
allowed to reach approximately 60% confluence before drug
treatment. After washing with PBS, 10 pL of HiLyte Fluor™ 488-
ApB4, was added to each well and incubated for 1 h. The cells were
collected by centrifugation, the supernatant was discarded, and the
cells were incubated with a pre-prepared flow cytometry antibody
cocktail at 4 °C for 30 min. Following incubation, the cells were
washed by centrifugation, resuspended in PBS, and subjected to
flow cytometry analysis using FlowJo software. For live cell
sorting, mice were anesthetized via intraperitoneal injection and
perfused with PBS. The hippocampus was dissected and minced
in ice-cold HBSS. Brain tissue was homogenized in medium
containing 2% FBS, followed by digestion with 0.5 mg/mL
collagenase IV and 10 U/mL DNase I at 37 °C for 15—20 min. The
cell suspension was filtered, resuspended in 70% Percoll, and then
subjected to density gradient centrifugation at 500x g for 20 min.
The intermediate cell layer was collected, washed twice with PBS,
and resuspended in PBS containing 2% FBS. Fluorescently
labeled antibodies and a fixable viability dye were added and
incubated at 4 °C in the dark for 30 min. The cells were finally
resuspended in staining buffer and immediately processed for flow
cytometric sorting.

2.16. RNA-seq and Smart-seq

After drug treatment, the cells were collected via centrifugation,
but the supernatants were discarded. The cell pellets were lysed in
TRIzol reagent and stored at —80 °C for transcriptomic
sequencing. The RNA concentrations were determined to ensure
quality control before sequencing. Sequencing was performed by
LC-Bio Technologies (Hangzhou, China) Co., Ltd., using an
Illumina platform, and gene expression matrices were obtained.
Principal component analysis (PCA) was used to exclude batch
effects among samples. Differentially expressed genes (DEGs)
were identified using the limma package, with thresholds of
P< 0.05 and |Log,FC| > 0.5. Protein—protein interaction net-
works were analyzed using the STRING database (https://cn.
string-db.org/), and pathways with P< 0.05 were visualized as
bubble plots. For Smart-seq of the hippocampal microglia, mice
were anesthetized via intraperitoneal injection and perfused with
HBSS. The hippocampus was dissected under sterile conditions
and digested in brain dissociation medium (DMEM supplemented
with type IV collagenase, DNase I, and FBS) at 37 °C and 20x g
for 1 h. The digestion was terminated with EDTA, and the cell
suspensions were centrifuged at 4 °C and 100x g for 10 min. The
cells were resuspended in staining buffer, filtered, and subjected to
density gradient centrifugation using 37% and 70% Percoll at
500xg for 25 min. The intermediate cell layer was collected,
washed with staining buffer, and centrifuged again. After staining
with fluorescent antibodies and fixable viability dye for 10 min,
live microglia were isolated by fluorescence-activated cell sorting.
The sorted cells were lysed in TRIzol and stored at —80 °C until
Smart-seq transcriptomic sequencing. Quality control, library

preparation, sequencing, and downstream analyses were con-
ducted as described above.

2.17.  Untargeted metabolomics

Cells were collected after drug treatment and stored at —80 °C for
subsequent analysis. For extraction, 200 pL of methanol was
added, and the samples were vortexed. The cells underwent three
freeze—thaw cycles using liquid nitrogen and were vortexed be-
tween cycles to ensure complete lysis. After centrifugation at
16,100x g for 3 min at 4 °C, the supernatants were transferred and
allowed to stand for 30 min. Following another round of centri-
fugation (16,100x g, 3 min, 4 °C), the supernatants were collected
and combined with 80% methanol in water containing internal
standards. The mixture was vortexed to ensure complete suspen-
sion and then centrifuged at 16,100xg for 3 min at 4 °C. The
supernatants were transferred for analysis. Metabolite profiling
was performed using a UPLC—MS/MS platform, and data were
processed using Analyst 1.6.3 software. PCA was used to assess
metabolite variance and correct for batch effects. Orthogonal
partial least squares discriminant analysis was used to remove
unrelated variation and improve group separation. Differential
metabolite analysis was conducted using MetaboAnalystR (R
software), with metabolites with |Log,FC| > 0.5 and P< 0.05
considered significant. Pathway enrichment and visualization of
differential metabolites were performed using the RaMP-DB
method and Cytoscape software.

2.18.  Extracellular acidification rate (ECAR)

The ECAR of microglia was measured using a SeaHorse XF96
analyzer. Cells at 50%—60% confluence were treated as indicated
and exposed to sequential injections of 10 mmol/L glucose,
2 pumol/L oligomycin, and 50 mmol/L 2-deoxy-p-glucose. Real-
time ECAR was recorded to evaluate glycolytic capacity.

2.19.  Sample preparation and analysis by UHPLC-HRMS/MS

LC-MS grade acetonitrile, methanol, and ammonium acetate were
purchased from ANPEL Laboratory Technologies (Shanghai,
China). For "*C tracing experiments, Primary microglial cells
were first transfected with siRNA for 48 h, followed by concurrent
treatment with Af4, and 2 g/L U-13 C6-glucose (Cambridge
Isotope Laboratories, CLM-1396-MPT). After 12 h of treatment,
the medium was aspirated, and cells were rapidly washed three
times with pre-chilled PBS to remove residual medium and
exogenous metabolites. Subsequent metabolite extraction was
performed immediately, with all steps conducted on ice to mini-
mize metabolic activity. Sample preparation and analysis were
conducted by ProfLeader Biotech (Shanghai, China) using the
following protocol. Cells in the dish were scraped in 500 pL of
cold extraction reagent (acetonitrile/methanol/water, 4:4:2, v/v/v)
including internal standards, and processed with an ice-water bath
for 5 min. After centrifugation at 16,000xg and 4 °C for 15 min,
the supernatant was collected and dried under a gentle nitrogen.
The dry extracts were reconstituted in 50 pL of 50% aqueous
acetonitrile before UHPLC—HRMS/MS analysis. Sample analysis
was performed on a Vanquish UHPLC system coupled to an
Orbitrap Fusion Lumos Mass Spectrometer (Thermo Fisher Sci-
entific). The redissolved extracts (2 pL) were injected into an
Acquity UPLC BEH Amide column (100 mm x 2.1 mm, 1.7 pm,
Waters Corporation) at a flow rate of 0.3 mL/min with mobile
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phase (A) water and (B) 90% acetonitrile, both with 15 mmol/L
ammonium acetate (pH = 9). A linear gradient elution was started
from 90% B and held for 1 min, decreased to 75% B at 9 min, to
50% B at 10 min, and held for 12 min, finally returned to 90% B at
12.1 min and equilibrated for 14 min. The eluted metabolites were
ionized in the negative mode of Heated Electrospray lonization.
Spray voltage was set to 2500 V. Ion Transfer Tube Temp and
Vaporizer Temp were 325 and 450 °C, respectively. Sheath Gas
was 40 (Arb, arbitrary unit), and Aux Gas was 10 (Arb). The full
scan was operated at a mass resolution of 60,000 at a range of m/z
100—700. Simultaneously, the fragment ions information of the
top 10 precursors in each scan was acquired at a mass resolution
of 15,000 by data-dependant acquisition with HCD energy at NCE
15, 30, and 45, respectively. For the detection of Free GOP, Free
glucosamine, Free UDP-GIcNAc, and glycogen-derived glucos-
amine, primary microglial cells were washed three times with ice-
cold PBS following siRNA transfection and AB4, treatment.
Metabolites were then extracted using methanol/water/chloroform
(volume ratio 2:1.5:1), and the mixture was separated into polar
(aqueous layer), lipid (chloroform layer), and insoluble (protein/
glycogen) fractions. The polar (aqueous) layer was used to
determine the relative abundance of Free G6P, Free glucosamine,
and Free UDP-GIcNAc. The insoluble fraction was further pro-
cessed to separate glycogen from protein. Glycogen was isolated
from the protein precipitate using 1.5 mL of ice-cold 10% tri-
chloroacetic acid. The resulting protein fraction was treated with
amylase and tested for glucose release to confirm complete
glycogen removal. The isolated glycogen was dried in a vacuum
centrifuge at 10~ mBar, resuspended in deionized water, and
further purified by density displacement through a 4%—20% su-
crose gradient. Following glycogen isolation, Glycogen-derived
glucosamine was released by acid hydrolysis according to previ-
ously described methods*', and the resulting products were
analyzed via a UHPLC—HRMS platform. Data acquisition and
analysis were performed using Thermo Fisher Scientific Xcalibur
software (version 4.0.27.19). Target ions and their isotopic peaks
were extracted within a 10 ppm mass window based on extracted
ion chromatograms. Peak areas for all metabolites were auto-
matically integrated and manually reviewed to ensure integration
accuracy. The integrated area of each compound was used to
calculate relative abundance, with normalization to internal stan-
dards to correct for inter-sample variability.

2.20. NADPH/NADP" and GSH/GSSG

Cells were washed with PBS and centrifuged, and pellets were
collected for protein quantification. NADPH/NADP™ and GSH/
GSSG ratios were determined using commercial kits and
normalized to protein content.

2.21.  Generation of the HMC3 SNAP29 CRISPR knockout (KO)
cell line

The CRISPR/Cas9 system was used to generate a homozygous
SNAP29 KO cell line using HMC3 cells. In brief, single guide
RNA (sgRNA) oligonucleotides targeting human SNAP29 were
designed, annealed, and cloned into the pSpCas9 (BB)-2A-Puro
vector. The sgRNA-Cas9 plasmid was then amplified by PCR and
transformed into competent cells. Plasmid DNA was purified using
a Genelet Plasmid Miniprep Kit according to the manufacturer’s
protocol. For transfection, plasmids were introduced into HMC3
cells using Lipo3000 and P3000 reagents in the appropriate

culture medium according to the manufacturer’s instructions.
After single-cell clones were established, the cells were continu-
ously cultured, and the successful SNAP29 knockout was verified
by Western blot analysis.

2.22. Western blotting and Co-IP

Proteins from tissues and cells were extracted using RIPA buffer
supplemented with protease inhibitors, quantified, and denatured
in 5 x SDS-PAGE loading buffer at 100 °C for 10 min. For O-
GlcNAc detection, cells were lysed in a buffer containing
50 mmol/L Tris—HCI (pH 7.4), 2 mmol/L. EDTA, and 300 mmol/L
NaCl, supplemented with protease inhibitors, phosphatase in-
hibitors, and OGA inhibitors (Thiamet G), followed by incubation
for 30 min. Proteins were resolved by 8%—12% SDS-PAGE and
transferred to nitrocellulose membranes. After blocking, the
membranes were sequentially incubated with primary antibodies
and HRP-conjugated secondary antibodies. Protein bands were
visualized and quantified using ImageJ, with §-actin as a loading
control. For Co-IP, magnetic beads were pre-washed with IP lysis
buffer containing protease and phosphatase inhibitors. Following
treatment, cells were lysed on ice for 20 min, and supernatants
were incubated overnight at 4 °C with the target antibody or IgG
as a control. Immune complexes were captured using magnetic
beads for 1 h at room temperature, washed extensively, and then
eluted by boiling in 1 x SDS-PAGE loading buffer. Immuno-
blotting was performed as described above. For the OGA treat-
ment assay, after obtaining the immunocomplex and prior to
Western blotting, the samples were treated with 5 pg of recom-
binant OGA protein (Catalog No: HY-P79242, MCE, Shanghai,
China) in a 200 pL reaction volume at 37 °C for 2 h. Subse-
quently, the samples were mixed with 1 x SDS-PAGE loading
buffer, boiled, and subjected to Western blot analysis*?. The pri-
mary antibodies used were as follows: PYGL (rabbit, 1:1000),
PYGM (rabbit, 1:1000), PYGB (rabbit, 1:1000), P62 (rabbit,
1:5000), LC3 (rabbit, 1:3000), O-GlcNAc (rabbit, 1:1000), HA/
Myc/Flag (rabbit), and (B-actin (rabbit, 1:5000). HRP-conjugated
secondary antibodies (anti-mouse and anti-rabbit, 1:1000) were
obtained from Bioworld. Secondary antibodies that do not
recognize light or heavy chains were purchased from Abcam.
2.23.  gRT-PCR

After washing the cells and tissue samples with PBS, an appro-
priate volume of FreeZol Reagent was added, and the samples
were vortexed thoroughly. The samples were then incubated at
room temperature for 5 min to allow complete lysis. Dilution
Buffer was added to the lysate, mixed well, and centrifuged to
separate the aqueous phase. Isopropanol was then added to pre-
cipitate the RNA, followed by centrifugation to collect the white
RNA pellet, which was washed with 95% ethanol and air-dried at
room temperature. Finally, the RNA was dissolved in DEPC-
treated water, and its concentration was measured before qRT-
PCR analysis. Finally, we used the 22T method with three
biological replicates of samples to calculate the relative gene
expression, with $-actin serving as the control. The primers used
in this research are shown in Supporting Information Table S3.
2.24.  Bioinformatic analysis

The GSE33000 dataset, comprising gene expression data from the
prefrontal cortex of 310 patients with AD and 157 healthy
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controls, was obtained from the Gene Expression Omnibus data-
base at the National Center for Biotechnology Information.
Quality control and differential gene expression analyses were
performed using GEO2R. Reactome pathway enrichment analysis
was then conducted on the DEGs, with metabolic pathways
extracted and visualized as bubble plots. A heatmap was generated
for glycogen metabolism-related genes within the GSE33000
dataset. Differential expression analysis of microglia located near
and distant from AS plaques in the GSE101689 dataset was also
performed, followed by Reactome pathway enrichment analysis
and heatmap visualization of glycogen metabolism-related genes.
Adjusted P-values <0.05 were considered statistically significant.
To assess the relationship between Pygl mRNA expression and
cognitive function, data from the prefrontal cortex of individuals
with and without cognitive impairment (n= 35) in the
GSE185909 dataset were analyzed using Pearson correlation with
Mini-Mental State Examination scores. Correlation coefficients
with || > |£0.3] and P< 0.05 were considered statistically
significant.

2.25.  Statistical analysis

Unless otherwise specified, all data are expressed as the
mean =+ standard deviation (SD). Statistical analyses were per-
formed using GraphPad Prism software (version 9.0). For com-
parisons between two independent groups, normality was assessed
using the Shapiro—Wilk test. If data followed a normal distribu-
tion with homogeneity of variance, a two-tailed unpaired Stu-
dent’s z-test was applied. If data were normally distributed but
variances were unequal, Welch’s 7-test was used. For comparisons
involving multiple groups under a single-factor intervention, one-
way or two-way analysis of variance (ANOVA) was performed. If
ANOVA revealed a significant overall difference, Tukey’s multiple
comparisons test was subsequently conducted for pairwise com-
parisons to control for type I error. All experiments described in
this study were performed using a minimum of three mice or
independent replicates. A P-value <0.05 was considered statisti-
cally significant, with significance levels denoted as follows:
*P< 0.05, #*P< 0.01, ***P< 0.001, and ****P< 0.0001.

3. Results

3.1.  Aberrant glycogen catabolism in microglia during AD
progression

To investigate the characteristics of glycogen metabolism in the
brain during AD progression, we first examined glycogen levels in
the hippocampal tissues of patients with and without AD.
Compared with non-AD controls, patients with AD exhibited a
marked increase in glycogen levels in the hippocampus (Fig. 1A).
Similarly, starting at 7 months of age, AD mice showed elevated
glycogen levels in the cortex and hippocampus compared with
age-matched WT mice, with this increase persisting and intensi-
fying alongside disease progression (Fig. 1B and C). Next, we
identified DEGs and conducted pathway enrichment analyses
using bioinformatics analyses of transcriptomic data from AD and
non-AD brain samples. In addition to the metabolic pathways of
lipid, cholesterol, and amino acids, which are rich in nutri-
ents'>** we found significant enrichment of glycogen meta-
bolism and glycogenolysis processes that have received limited
attention in the context of AD (Fig. 1D). Differential expression
analysis revealed significant upregulation of key enzymes

involved in glycogen metabolism, including PGM2, GYG2, GYS1,
PYGL, PYGM, GAA, and PYGB, while AGL was downregulated in
AD brains compared with controls (Fig. 1E). These findings
suggest that AD pathology is accompanied by aberrant glycogen
metabolism in the CNS.

Critically, using transmission electron microscopy’’, we
observed a significant increase in the number of glycogen granules
in the hippocampal microglia from AD patients compared to non-
AD individuals (Fig. 1F and G). To confirm this finding, we used
biological glycogen probes to examine glycogen content in hip-
pocampal microglia at different pathological stages in AD mouse
models®***, Our results revealed that AD mice exhibited an
increased number of glycogen granules in microglia compared
with age-matched WT mice, with this increase being particularly
pronounced in older AD mice (Fig. 1H and I). These findings
suggest that microglia undergo aberrant glycogen metabolism
during AD progression. Next, we isolated microglia from the
hippocampus of 10-month-old WT and AD mice by using a
fluorescence-activated cell sorter (Fig. 1J, Supporting Information
Fig. S3A) and assessed the expression of key enzymes involved in
glycogen metabolism. qRT-PCR analysis demonstrated that,
relative to WT mice, microglia from AD mice exhibited signifi-
cant upregulation of major glycogen metabolism enzymes,
including GyslI, Gys2, Pgm2, Pygl, and Ugp2. Notably, among the
three isoforms of glycogen phosphorylase, only Pygl was mark-
edly upregulated, whereas Pygb and Pygm showed no significant
changes (Fig. 1K). These data indicate that glycogen metabolism
in microglia is profoundly altered during AD pathological pro-
gression. Furthermore, we extracted and cultured primary micro-
glia from neonatal mice and examined the effects of AS treatment
on glycogen metabolism. Transmission electron microscopy
revealed that AG stimulation significantly increased the number of
glycogen granules in primary microglia (Fig. 1L and M).
Consistent with these findings, glycogen content assay kits and
PAS staining confirmed elevated glycogen levels (Fig. 1N, Sup-
porting Information Fig. S4A and S4B). Moreover, RNA-seq was
performed to assess transcriptomic alterations in primary micro-
glia following AQ treatment. The enrichment results of reactome
and gene ontology biological processes (GOBP) indicated that,
after A@ treatment, primary microglia were significantly enriched
in processes such as glycogen metabolism, regulation of glycogen
metabolism process, glycogen breakdown, glycogenolysis, and
regulation of glycogen catabolic process (Fig. 10 and P, Fig. S4C
and S4D). Key metabolic enzymes such as Gys/ and Pygl were
also upregulated at the mRNA level (Fig. 1Q). The above-
mentioned results indicate that microglia undergo significant al-
terations in glycogen catabolism during AD progression.

3.2.  Microglial PYGL expression exhibits a spatiotemporal
correlation with pathological upregulation in AD

Glycogen exerts its biological functions primarily through
degradation and subsequent metabolic pathways, a process
mediated by glycogen phosphorolysis*'*°. Among these enzymes,
PYGL, PYGB, and PYGM represent distinct isoforms (Fig. 2A).
Our previous results showed that both AD brain tissue and
microglia upregulated PYGL mRNA expression. Interestingly,
data from the human Brain-seq showed that microglia predomi-
nantly express PYGL, with an extremely low abundance of PYGB
and PYGM (Fig. 2B). We confirmed this finding by analyzing
primary microglia, astrocytes, and neurons, with Western blotting
demonstrating that microglia indeed express significantly higher
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Aberrant glycogen catabolism in microglia during AD progression. (A) Quantification of glycogen levels in the hippocampus of
patients with and without AD (n= 5 samples). (B) Quantification of glycogen levels in the hippocampus of WT and AD mice at 4, 7, and 10
months of age (n= 5 mice). (C) Quantification of glycogen levels in the cortex of WT and AD mice at 4, 7, and 10 months of age (n= 5 mice).
(D) Enrichment analysis of metabolic pathways within the Reactome pathways based on differentially expressed genes between the brain
transcriptomes of patients with and without AD in the GSE33000 dataset. (E) Heatmap showing the expression profiles of key glycogen
metabolism-related genes with significant changes between the brains of patients with and without AD in the GSE33000 dataset. (F, G)
Transmission electron microscopy was used to detect the number of glycogen granules in the hippocampal microglia from patients with and
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levels of PYGL compared with astrocytes and neurons (Support-
ing Information Fig. SS5A and S5B). Furthermore, correlation
analysis between PYGL expression in the brains of patients with
AD and their Mini-Mental State Examination scores revealed that
PYGL expression was significantly positively associated with the
severity of dementia in these patients (Fig. 2C). This strongly
suggests that disease stage-associated upregulation of PYGL
mediates microglial abnormal glycogenolysis in AD.

To further explore the characteristics of microglial glycogen-
olysis, we next investigated the spatiotemporal changes in
microglial PYGL during AD progression. First, we assessed
PYGL expression in the human hippocampus. Western blot results
showed that PYGL expression was higher in the hippocampus of
patients with AD compared with those without (Fig. 2D and E).
We then examined PYGL expression in the hippocampus and
cortex of WT and AD mice at different ages (Fig. 2F). The results
showed that, compared with WT mice, 7 and 10-month-old AD
mice exhibited significantly higher PYGL expression in the
hippocampus and cortex, respectively. Furthermore, PYGL
expression in the hippocampus of AD mice exhibited a disease
course-related upregulation trend (Fig. 2G and H). Importantly, we
isolated hippocampal microglia from 10-month-old WT and AD
mice and found that, compared with WT mice, microglia from AD
mice exhibited a significant upregulation of PYGL protein
expression, with no changes in PYGB or PYGM expression
(Fig. 2I and J), which is consistent with previous results. We also
compared the expression of PYGL in the hippocampal microglia
of WT and AD mice at different ages. The RNA-FISH results
showed that, compared to age-matched WT mice, the number of
Pygl mRNA puncta in hippocampal microglia of 4-month-old AD
mice was slightly increased, although no statistical significance
was observed. However, a significant increase in Pyg/ mRNA
puncta was found in 10-month-old WT mice. Furthermore,
compared with 4-month-old AD mice, the number of Pygl mRNA
puncta in hippocampal microglia of 10-month-old AD mice was
significantly higher (Fig. 2K and L). Immunofluorescence staining
of the PYGL protein confirmed this observation (Fig. 2M and N).
Dark microglia surrounding A plaques are key microglial clus-
ters that drive AD pathological progression and often exhibit
marked metabolic alterations®”*’. Next, in 10-month-old AD
mice, we compared PYGL expression in microglia located around
AB plaques with that distant from the plaques® (Fig. 20). The
results illustrated that microglia surrounding Ag plaques
expressed significantly higher levels of PYGL compared with
those located farther away from the AS plaques (Fig. 2P and Q).
Subsequently, we analyzed publicly available single-cell tran-
scriptomic datasets of AD transgenic mouse brains and performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis on the DEGs*®. Interestingly, we found that,
compared with microglia far away from A plaques, those in close

proximity to A@ plaques exhibited significant abnormalities in
glycogen metabolism (Fig. 2R), along with marked upregulation
of Pygl expression (Fig. 2S). Moreover, in vitro experiments
demonstrated that AS treatment led to a dose-dependent increase
in PYGL protein levels, without affecting the expression of PYGB
or PYGM (Fig. 2T—W), compared with the solvent control.
Collectively, these findings confirm that microglia upregulate the
expression of the glycogenolytic enzyme PYGL during the pro-
gression of AD pathology. This suggests that the abnormal in-
crease in microglial PYGL is a key driver of aberrant
glycogenolytic metabolism in microglia, thereby contributing to
AD progression.

3.3.  Specific knockdown of PYGL in microglia ameliorates
cognitive deficits and neuropathology in AD mice

To elucidate the functional role of microglial glycogenolysis in
AD progression, an AAV was injected bilaterally into the hippo-
campus of 8-month-old mice to specifically knock down PYGL in
the microglia. Behavioral and neuropathological assessments were
performed at 9 months of age (Fig. 3A). First, the transduction
efficiency of the AAV in microglia was verified by immunofluo-
rescence (Fig. 3B), and CD45"CD45™" microglia were sorted by
using a fluorescence-activated cell sorter, and the knockdown
efficiency of PYGL in microglia was confirmed. As shown in
Fig. 3C and D, compared to the AD + AAV-NC group, the
expression level of PYGL in microglia from the AD + AAV-
PYGL-cKD group was significantly reduced. Furthermore, our
detection results indicated no significant changes in the expression
of PYGB or PYGM. We then evaluated the effects of microglial
PYGL knockdown on the memory and cognitive function of AD
mice. In the Morris water maze test, compared with AD mice
injected with AAV-NC, those injected with AAV-PYGL-cKD
exhibited a significantly shorter escape latency to reach the
target during training trials (Fig. 3E). Furthermore, AAV-PYGL-
cKD-injected AD mice showed a significantly shorter latency
for the first entry to the target (platform), an increased number of
target entries, and a longer time spent in the target quadrant during
the probe trial (Fig. 3F—H, Supporting Information Fig. S6A),
indicating restored spatial learning and memory deficits. The
groups showed no significant differences in swimming speed
(Fig. S6B), ruling out possible effects of compromised motor
ability. The NORT and FCT are also commonly used to assess
memory and learning in mice?”. In the NORT, AD mice with
microglial PYGL knockdown showed a significantly higher
recognition index for novel objects compared with control AD
mice (Fig. 3I), indicating enhanced recognition memory. In the
FCT, the knockdown of microglial PYGL significantly increased
the freezing time during re-exposure to the fearful context in AD
mice (Fig. 3], Fig. S6C), suggesting that inhibiting PYGL delayed

without AD (n= 10 per sample with n= 3 samples/group, total n= 30). (H, I) The number of glycogen granules in microglial cells in
hippocampal microglia from 4- and 10-month-old WT and AD mice was detected by immunofluorescence (n= 8 per sample with n= 3 samples/
group, total n= 24). (J) Schematic diagram showing the workflow for isolating hippocampal microglia from 10-month-old WT and AD mice for
qRT-PCR analysis. (K) mRNA expression levels of key glycogen metabolism enzymes in hippocampal microglia from 10-month-old WT and AD
mice (n= 3 independent experiments). (L, M) Transmission electron microscopy was used to detect the number of glycogen granules in primary
microglia treated with AG (n= 6—7 per sample with n= 3 samples/group, total n= 20). (N) Detection of the glycogen content in primary
microglia treated with A (n= 4 independent experiments). (O, P) Reactome pathway enrichment analysis of RNA-seq data from primary
microglia treated with AgB. (Q) Count values of differentially expressed key glycogen metabolism-related genes in Af-treated primary microglia
(n= 4 independent experiments). Quantitative data are presented as the mean £+ SD; ns P> 0.05; *P< 0.05; **P< 0.01; ***P< 0.001;

wkp<0.0001.
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Figure 2 Microglial PYGL expression exhibits a spatiotemporal correlation with pathological upregulation in AD. (A) Schematic of the
glycogen metabolism pathway. (B) FPKM values of PYGM, PYGB, and PYGL in different human brain cell types form the brain RNA-seq
database (https://brainrnaseq.org/). (C) Correlation analysis between PYGL mRNA levels in brain tissue and Mini-Mental State Examination
scores from patients in the GSE185909 dataset (n= 35 samples). (D) Protein levels of PYGL in hippocampal tissues from patients with and
without AD. (E) Quantitative data shown in (D) (n= 5 samples). (F) Protein levels of PYGL in the hippocampus and cortex from WT and AD
mice at 4, 7, and 10 months of age. (G, H) Quantitative data shown in (F) (n= 4 mice). (I) Protein levels of PYGL, PYGB, and PYGM in
microglia isolated from the hippocampus of 10-month-old WT and AD mice. (J) Quantitative data shown in (I) (n= 3 independent experiments).
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memory loss in these mice. Collectively, these behavioral results
demonstrate that microglial PYGL knockdown restores the
cognitive deficits of AD mice.

Next, we evaluated the effects of microglial PYGL knockdown
on AD-related neuropathology. Immunofluorescence staining of
the hippocampal region revealed that knockdown of microglial
PYGL significantly reduced the number and area of AB plaques
compared with AAV-NC (Fig. 3K—M). Furthermore, the ELISA
results showed that knockdown of microglial PYGL decreased
the levels of insoluble and soluble AB4, and AB4g in the hippo-
campus (Fig. 3N—Q). Given that neuroinflammation is a key
neuropathological feature of AD, we next assessed the expression
of pro-inflammatory cytokines in the hippocampus. The
knockdown of microglial PYGL significantly reduced the
mRNA expression levels of Inos, Il1b, 116, Tnfa, and Hmgbl in
the hippocampus of AD mice (Fig. 3R). Collectively, these
results confirm that microglial PYGL knockdown alleviates AD-
related neuropathology and improves cognitive function in mice
with AD.

3.4.  Knockdown of PYGL promotes microglial
autophagosome—lysosome fusion to enhance AB clearance

To elucidate the functional role of PYGL in microglia, microglia
were isolated from the hippocampi of AD mice injected with AAVs
and then subjected to Smart-seq analysis (Fig. 4A). As shown in
Fig. 4B, PCA revealed clear separation among the experimental
groups, with high intra-group clustering consistency, underscoring
the reliability of the data. Volcano plots illustrate the distribution of
DEGs between the groups (Fig. 4C, Supporting Information
Fig. S7A). In comparisons among AD mice, the AAV-PYGL-
cKD group resulted in 461 upregulated and 408 downregulated
genes in hippocampal microglia compared with the AAV-NC group
(Fig. 4C). KEGG pathway enrichment analysis of these DEGs
revealed significant enrichment of pathways including autophagy,
IL-17 signaling, Toll-like receptor signaling, and TNF signaling in
the AD + AAV-NC group relative to the WT + AAV-NC controls
(Fig. 4D). Compared with the AD + AAV-NC group, microglia
from the AD + AAV-PYGL group were predominantly enriched in
pathways related to autophagy, mitophagy, NF-«kB signaling, and
phagosome (Fig. 4E). These data suggest that specific knockdown
of PYGL predominantly alters autophagy, phagocytosis, and in-
flammatory activation processes in microglia during AD pathology.
In addition, we extracted primary microglia and evaluated the
impact of PYGL knockdown (Fig. S7B and S7C) on the biological
function of microglia via RNA-seq in vitro experiments (Fig. 4F).
The PCA results showed that the data quality of each experimental
group was reliable and that the differences were significant
(Fig. 4G). Volcano plots showed robust gene expression differences
between groups (Fig. S7D and S7E). Compared with Ag-treated
primary microglia, the AB+ si-PYGL group displayed 616

upregulated and 809 downregulated genes (Fig. S7TE). GOBP and
KEGG pathway analyses further revealed that A( treatment
significantly enriched pathways, including phagosome maturation,
autophagy, IL-17 signaling, and lysosome processes, compared
with the control (Fig. 4H). Notably, knockdown of PYGL in Ag-
treated primary microglia promoted enrichment of pathways related
to regulation of autophagosome assembly, protein glycosylation,
and metabolism compared with A@ alone (Fig. 4I). Furthermore,
the top ten enriched cellular component results indicated that
autophagy/lysosome processes comprised 17.24% and 21.53% of
the biological processes, respectively (Fig. 4J, Fig. S7F). Collec-
tively, these findings suggest that PYGL knockdown may modulate
microglial function in AD by regulating autophagy/lysosome
pathways, phagocytic activity, and inflammatory responses.

Subsequently, we investigated the precise effects of PYGL
intervention on autophagy in microglia. We first assessed LC3B
expression in primary microglia. As demonstrated in Fig. SA and
B, AQ exposure elevated LC3B protein levels, and knockdown of
PYGL further increased LC3B expression, indicating that PYGL
knockdown may enhance autophagy in Ag-treated primary
microglia. P62, an autophagy receptor protein, binds to LC3 to
selectively sequester autophagic substrates into autophagosomes
and is subsequently degraded by lysosomal proteases. Thus, its
expression level is widely used to assess autophagic activity and
flux integrity*. Western blot analysis showed that A@ treatment
increased both the LC3-1I/I and P62 protein levels, whereas PYGL
knockdown further elevated the LC3-1I/I but reduced P62 protein
expression (Fig. 5C and D). Microglia isolated from the hippo-
campus of 10-month-old WT and AD mice were analyzed by
western blotting. Compared with the WT + AAV-NC group,
microglia from the AD + AAV-NC group showed elevated LC3 11/
I and increased P62 protein levels. PYGL knockdown further
increased the LC3 II/I and reduced P62 levels (Fig. SE and F),
indicating enhanced autophagic flux in microglia following PYGL
suppression. We employed a mCherry-eGFP-LC3 adenovirus to
monitor autophagic flux in primary microglia. Due to the acid
sensitivity of eGFP, autolysosome formation results in diminished
green fluorescence and persistent red fluorescence, whereas
blocked fusion events manifest as yellow puncta (Fig. 5G).
Compared with the control, A@ stimulation led to a marked
increase in yellow puncta in primary microglia, suggesting
impaired autophagosome—lysosome fusion. Knockdown of
PYGL significantly decreased yellow puncta while increasing
red puncta, demonstrating restoration of autophagic flux
(Fig. 5H-J). Conversely, PYGL overexpression further
impaired autophagic flux in microglia treated with Ag
(Supporting Information Fig. S8A—S8C). Together, these findings
demonstrate that PYGL regulates autophagic flux by modulating
autophagosomes—lysosomes fusion in microglia.

It has been proven that autophagy plays a crucial role in regu-
lating microglial clearance of A and pro-inflammatory

(K, L) RNA-FISH analysis showing the percentage of Pygl mRNA*Ibal ™ microglia in the hippocampus of 4- and 10-month-old WT and AD mice
(n= 18 per sample with n= 5 samples/group, total n= 90). (M, N) Immunofluorescence analysis of PYGL™ Ibal™ microglia in the hippocampus
of 4- and 10-month-old WT and AD mice (n= 5 mice). (O—Q) Immunofluorescence analysis of PYGL expression in Ibal* microglia located
surrounding or distant from A plaques in the hippocampus of 10-month-old AD mice (n= 10 per sample with n= 3 samples/group, total
n= 30). (R) Metabolic pathway enrichment analysis of differentially expressed genes in A@ surrounding vs. Ag distanced microglia based on the
GSE101689 dataset. (S) Heatmap showing key glycogen metabolism-related differentially expressed genes (DEGs) in AS surrounding vs. A8
distanced microglia based on the GSE101689 dataset. (T) Protein levels of PYGL, PYGB, and PYGM in primary microglia treated with AS.
(U—W) Quantitative data shown in (T) (n= 3 independent experiments). Quantitative data are presented as the mean + SD; *P< 0.05;

#P< 0.01; #%P<0.001; *+++P<0.0001.
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Figure 3  Specific knockdown of PYGL in microglia improves cognitive deficit and neuropathology in AD mice. (A) Schematic of adeno-
associated virus (AAV) injection. Behavioral tests and pathological examinations were conducted. (B) Immunofluorescence showing the spec-
ificity of AAV injection in the hippocampus. (C, D) Protein levels of PYGL in CD1 1b"CD45"% microglia from 8-month-old mice were detected
by conducting WB analysis (n= 3 independent experiments). (E) Escape latency during the training trials of the Morris water maze (n= 10
mice). (F—H) Behavioral performance in the probe trial of the Morris water maze, including time spent in the target quadrant (F), target entries
(G), and latency to first target entry (H) (= 10 mice). (I) Recognition index assessed by the novel object recognition test (NORT) (n= 10 mice).
(J) Freezing time assessed by the fear conditioning test (FCT) (n= 10 mice). (K) Immunofluorescence staining of AS deposits in the hippocampus
following AAV injection. (L, M) Quantification of A@ plaque number (L) and plaque area (M) in the hippocampus (n= 5 mice). (N—Q) Enzyme-
linked immunosorbent assay quantification of insoluble AB4, (N), soluble AB4, (O), insoluble AB4o (P), and soluble AB4 (Q) levels in the
hippocampus of AD mice after AAV injection (n= 5 mice). (R) mRNA levels of proinflammatory markers in the hippocampus of AAV-injected
AD mice (n= 5 mice). Quantitative data are presented as the mean £+ SD; *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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Knockdown of PYGL promotes microglial autophagosome—lysosome fusion to enhance A@ clearance. (A) Schematic diagram of

Smart-seq from microglia after AAV injection with flow cell sorting. (B) Principal component analysis (PCA) of microglial transcriptomes
obtained by Smart-seq (n= 3 from 12 mice). (C) DEGs between AD + AAV-PYGL-cKD vs. AD + AAV-NC groups identified by Smart-seq. (D,
E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of DEGs from Smart-seq comparing AD + AAV-NC vs.
WT + AAV-NC (D), and AD + AAV-PYGL-cKD vs. AD + AAV-NC (E). (F) Schematic diagram of RNA-seq in primary microglia treated with
A and si-PYGL. (G) PCA of transcriptomic profiles from RNA-seq (n= 4 independent experiments). (H) Gene ontology biological processes
(GOBP) and KEGG pathway enrichment of upregulated genes in AS vs. control groups. (I) GOBP and KEGG pathway enrichment of upregulated
genes in AB+si-PYGL vs. AB groups. (J) Cellular component enrichment of upregulated genes in AB+si-PYGL vs. A@ groups.
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Figure 5 Knockdown of PYGL promotes microglial autophagosome—lysosome fusion to enhance A@ clearance. (A) Immunofluorescence
staining of LC3B in primary microglia treated with AS and si-PYGL. (B) Quantitative data of the fluorescent LC3B puncta, showing the average
size of primary microglia in (A) (n= 3 independent experiments). (C) Protein levels of LC3II/I and P62 in primary microglia treated with A and
si-PYGL. (D) Quantitative data shown in (C) (n= 3 independent experiments). (E) Protein levels of LC3II/I and P62 in sorted microglia from
AAV-injected mice. (F) Quantitative data shown in (E) (= 3 independent experiments). (G) Schematic diagram of mCherry-eGFP-LC3. (H—J)
Immunofluorescence staining was used to quantify the number of dots (I), autophagosomes, and autolysosomes (J) per microglial cell in each
group (n= 5—6 per sample with n= 3 samples/group, total n=16). (K) Immunofluorescence and 3D reconstruction of A8 and Ibal localization
in the hippocampus after AAV injection. (L) Quantitative data showing fluorescence colocalization in (K) (= 6 mice). (M, N) Phagocytic
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activation®™". In vivo immunofluorescence staining demonstrated
that microglial knockdown of PYGL enhanced microglial phago-
cytosis of A@ (Fig. 5K and L). Consistently, ex vivo flow cytometry
analysis revealed a significant increase in the proportion of primary
microglia engulfing Hilyte-AB,, following PYGL knockdown
under AQ stimulation (Fig. 5M and N). Immunofluorescence
analysis further showed that PYGL knockdown markedly promoted
the colocalization of internalized fluorescent AB with lysosomes in
primary microglia (Fig. 50 and P). These results confirm that
PYGL inhibition facilitates microglial phagocytosis and degrada-
tion of AB. Moreover, PYGL overexpression suppressed microglial
phagocytosis (Fig. S8D and S8E) and the degradation of engulfed
AB (Fig. S8F and S8G). Bafilomycin Al, a specific inhibitor of
autophagosome—Ilysosome fusion>?, abolished the enhanced AS
phagocytosis induced by PYGL knockdown (Fig. 5Q and R),
indicating that PYGL regulates microglial clearance of A@ in an
autophagy-dependent manner. In addition, PYGL knockdown
reduced AB-induced mRNA expression of the pro-inflammatory
cytokines Tnfa, Il1b, and Il6 in primary microglia (Fig. S8H),
while upregulating the anti-inflammatory markers Arg/ and 1110
(Fig. S8I). Overexpression of PYGL further promotes the pro-
inflammatory response of microglia under AQ stimulation
(Fig. S8J). In addition, re-expressing PYGL reversed the effects
induced by PYGL knockdown in microglia, which further confirms
that the functional changes in microglia caused by PYGL knock-
down are specifically mediated by PYGL (Fig. S8K—SS8P).
Collectively, these findings demonstrate that PYGL knockdown
promotes autophagosome—lysosome fusion in microglia, thereby
enhancing autophagic activity and facilitating A@ clearance.

3.5.  Knockdown of microglial PYGL suppresses HBP
metabolism to reduce O-glycosylation levels

Metabolites generated from glycogen catabolism catalyzed by
PYGL can enter multiple downstream pathways depending on
enzymatic reactions, including glycolysis, PPP, and
HBP (Fig. 6A). To characterize the metabolic features of
PYGL-mediated glycogen phosphorylase in microglia under AD
pathology and to further elucidate the molecular mechanisms by
which PYGL regulates microglial autophagy, we next investi-
gated the downstream metabolic pathways affected by PYGL in
microglial glycogen catabolism. The ECAR serves as a key in-
dicator of cellular glycolytic activity. Stimulation with A
enhanced both the basal and maximal glycolytic capacities of
microglia, whereas PYGL knockdown resulted in only a slight
reduction in basal glycolysis without significantly altering the
maximal glycolytic capacity (Fig. 6B—D). These findings sug-
gest that PYGL exerts a minimal regulatory effect on glycolytic
metabolism in microglia. Subsequently, we assessed the meta-
bolic activity of the PPP, for which NADPH/NADP™ and GSH/
GSSG are considered key indicators'>. Following A exposure,
both NADPH/NADP" and GSH/GSSG levels were significantly
elevated in primary microglia. Interestingly, PYGL knockdown
further enhanced these levels (Fig. 6E and F), a finding that was
somewhat unexpected. Next, we conducted untargeted metab-
olomic profiling to further investigate the characteristics of

PYGL knockdown on glycogen catabolism in primary microglia.
PCA revealed clear separation among the experimental groups,
indicating high reproducibility within groups and reliable data
quality (Fig. 6G). Volcano plots identified significant changes in
metabolite abundance across groups: compared with the si-NC
group, the si-NC + A groups showed 33 upregulated and 19
downregulated metabolites; in addition, compared with the
si-NC + AQ group, the si-PYGL + Af group displayed 31
upregulated and 29 downregulated metabolites (Fig. 6H and I,
Supporting Information Table S4). Notably, 17 differential
metabolites were shared between the si-NC + A vs. si-NC and
si-NC + AQ vs. si-PYGL + Af comparisons (Fig. 6J), as shown
in the heatmap (Fig. 6K). Focusing on the PPP, the levels of X5P
and R5P remained unchanged in the si-NC + AB group vs.
si-NC, whereas the S7P and E4P levels were elevated. Upon
PYGL knockdown, RSP showed increased abundance, but X5P,
S7P, and E4P levels remained unaltered compared with the
si-NC + A group (Fig. 6L). Furthermore, our metabolic flux
analysis results indicated that knocking down PYGL did not
significantly alter the levels of the TCA metabolites m+2
labeled citrate and m+2 labeled succinate (Supporting Infor-
mation Fig. S9A and S9B), nor did it significantly change the
levels of the PPP metabolites m+4 labeled E4P and m+-7 labeled
S7P in microglia under A stimulation (Fig. S9C and S9D).
These findings suggest that the knockdown of PYGL does not
directly affect the PPP pathway in microglia. We observed that
the HBP metabolite UDP-GIcNAc was significantly elevated in
primary microglia following A@ treatment, but this increase was
markedly reversed by PYGL knockdown. Notably, UDP-
GlcNAc was the most significantly downregulated metabolite
upon PYGL knockdown in AQ treated primary microglia
(Fig. 61).

The primary products of glycogenolysis are G6P and glucos-
amine®'. We extracted and purified the glycogen granules of
Ap-treated microglia and found that the level of glucosamine in
glycogen was significantly increased after PYGL knockdown
(Fig. 6M). Importantly, knocking down PYGL reduced the levels
of free glucosamine (Fig. 6N) and free UDP-GIcNAc (Fig. 60) in
microglia following A@ stimulation, while it increased free G6P
levels (Fig. 6P). Moreover, the metabolic flux analysis results
indicated that knocking down PYGL significantly reduced the
level of m+13 labeled UDP-GIcNAc (Fig. 6Q). These results
confirm that in microglia, the carbon source derived from PYGL-
mediated glycogenolysis primarily supports the HBP.

Further functional enrichment analysis of the differential me-
tabolites revealed that many were linked to pathways involved in
post-translational protein modification and glycosylation precur-
sor biosynthesis (Fig. S9E), which was also reflected in the
metabolite-pathway interaction network (Fig. S9F). Based on
these observations, we hypothesized that PYGL-dependent
glycogen catabolism may regulate microglial autophagy through
modulation of O-GlcNAcylation. Consistent with this hypothesis,
O-GlcNAcylation assays demonstrated that A@ treatment mark-
edly elevated primary microglial total cellular O-GlcNAcylation.
Both PYGL knockdown and pharmacological inhibition of PYGL
with glycogen phosphorylase inhibitor reversed this trend (Fig. 6R

efficiency of primary microglia assessed by flow cytometry following HiLyte-AB,4, uptake (n= 3 independent experiments). (O, P) Colocalization
of HiLyte-AB4, with lysosomes in primary microglia assessed by immunofluorescence (n= 3—4 per sample with n= 3 samples/group, total
n= 10). (Q, R) Immunofluorescence was used to detect the number of HiLyte-AG,, per microglial cell (n= 10 per sample with n= 4 samples/
group, total n= 40). Quantitative data are presented as the mean + SD; *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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and S). Moreover, the addition of OGA nearly abolished all O-
GlcNAc signals (Supporting Information Fig. S10A), which
confirmed the specificity of the O-GIlcNAc signals detected in this
study. By contrast, PYGL overexpression further enhanced Ag-
induced total cellular O-GlcNAcylation in microglia (Fig. 6T). O-
GlcNAc transferase (OGT) is the key enzyme responsible for the
addition of O-GIcNAc to target proteins (Fig. 6U). Pharmaco-
logical inhibition of OGT with OSMI-4>* abrogated the increase
in O-GlcNAcylation induced by PYGL overexpression and
restored autophagic flux in primary microglia (Fig. 6V and W).
Although our data also showed that knocking down PYGL
significantly reduced UDPG levels (Fig. 61 and K), we did not
observe any effect of exogenous UDPG supplementation on
the LC3 II/I ratio or P62 expression in ApB-treated microglia
(Supporting Information Fig. SI1A—S11C). This suggests that
PYGL-mediated glycogen catabolism does not regulate autophagy
levels through UDPG. Collectively, these findings establish that
PYGL-mediated glycogen catabolism primarily modulates HBP,
thereby affecting O-GlcNAcylation and regulating microglial
autophagy.

3.6. PYGL regulates autophagosome—lysosome fusion by
modulating the O-GlcNAcylation of SNAP29

The soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex, composed of SNAP29,
STX17, and VAMPS, plays a pivotal role in regulating
autophagosome—lysosome fusion, and its assembly is critically
modulated by the O-GlcNAcylation of SNAP29** (Fig. 7A).
Based on these findings, we hypothesized that in the context of
AD, PYGL may impair SNARE complex assembly by promoting
O-GlcNAcylation of SNAP29, consequently  disrupting
autophagosome—lysosome fusion and ultimately arresting
microglial autophagic flux. Therefore, we first observed the level
of O-GlcNAcylation of SNAP29 after PYGL knockdown. As
shown in Fig. 7B and C, HA-SNAP29 plasmids were transfected
to overexpress SNAP29 in microglia, and A@ stimulation
enhanced the O-GlcNAcylation of SNAP29, whereas PYGL
knockdown significantly reversed this effect, as detected by Co-IP.
The addition of OGA nearly abolished all O-GlcNAc signals
(Supporting Information Fig. S12A), which confirmed the speci-
ficity of the O-GIcNAc signals detected. Next, we examined the
effect of PYGL modulation on SNARE complex assembly.
Microglia were co-transfected with Flag-STX17, HA-SNAP29,
and Myc-VAMPS plasmids to overexpress these proteins. Co-IP
assays using anti-Flag, anti-HA, and anti-Myc antibodies
revealed that AB treatment disrupted the interactions among
STX17, SNAP29, and VAMPS. Importantly, PYGL knockdown
significantly restored these protein interactions (Fig. 7D—I). These
results indicate that inhibiting PYGL-mediated glycogenolysis
reduces SNAP29 O-GlcNAcylation and stabilizes SNARE com-
plex assembly. Subsequently, we explored the role of SNAP29 O-
GlcNAcylation in the AB-induced blockade of autophagic flux in

microglia. We generated SNAP29 mutants (HA-SNAP29-QM)
with O-GlcNAcylation sites mutated at S2A, S61G, T130A, and
S153G (Supporting Information Table SS5), as reported previ-
ously*?. Co-IP assays confirmed that HA-SNAP29-QM markedly
reduced SNAP29 O-GlcNAcylation levels (Fig. 7] and K).
Crucially, transfection with HA-SNAP29-WT led to further in-
creases in LC3II/I and P62 protein levels, whereas HA-SNAP29-
QM increased the LC3II/I ratio but decreased P62 expression
(Fig. 7L—N). These results demonstrate that O-GlcNAcylation of
SNAP29 is essential for AB-induced inhibition of autophagic flux
in microglia. Finally, we assessed whether PYGL regulates
microglial autophagy by modulating SNAP29 O-GlcNAcylation.
To this end, we knocked out endogenous SNAP29 in microglia via
CRISPR-Cas9 (Supporting Information Fig. S13A), before trans-
fecting with HA-SNAP29-WT or HA-SNAP29-QM. Western
blotting analysis showed that PYGL overexpression increased the
LC3II/ and P62 levels in microglia transfected with
HA-SNAP29-WT but decreased P62 expression in microglia
transfected with HA-SNAP29-QM (Fig. 70—Q). These findings
suggest that the regulation of microglial autophagy by
PYGL-mediated glycogen catabolism is dependent on the
O-GlcNAcylation of SNAP29.

4. Discussion

Emerging studies indicate that microglia in the AD brain undergo
significant metabolic reprogramming, which critically influences
their immune function and contributes to disease progression. While
alterations in glucose and lipid metabolism have been extensively
documented, the role of glycogen metabolism—particularly its
catabolic branch—in microglial dysfunction during AD remains
poorly understood. Our study identifies PYGL-mediated glycogen-
olysis as a key dysregulated pathway in AD-associated microglia and
elucidates its mechanistic contribution to impaired autophagy and
aggravated pathology.

A striking feature of microglia in AD is glycogen accumula-
tion and the concurrent upregulation of both glycogen synthetic
and catabolic enzymes, suggesting a state of dysregulated cycling
rather than coherent metabolic adaptation. Our findings, together
with a recent study®’, indicate that glycogen accumulation in
microglia progresses with AD and correlates spatially with pa-
thology both in AD patients and transgenic mice, as shown by the
preferential localization of glycogen-laden microglia around A8
plaques and dystrophic neurites. Regarding the mechanism un-
derlying persistent glycogen accumulation, our omics data indi-
cate that while glycophagy may be activated, the continued
buildup of glycogen granules likely results from either excessive
synthesis due to dysregulated glucose metabolism or inefficient
clearance despite glycophagy activation. Within this dysregulated
landscape, PYGL expression in microglia exhibits spatiotemporal
specificity, correlating with A plaque proximity and disease
progression in AD patients, and in APP/PS1-21 and 5xFAD

experiments). (N—P) Relative abundance of free glucosamine, UDP-GIcNAc, and G6P in primary microglia (n= 3 independent experiments). (Q)
Isotopic tracing of *Cg-glucose was employed to detect m+13-labeled UDP-GIcNAc (n= 4 independent experiments). (R—T) Protein levels of
total cellular O-GIcNAc in primary microglia treated with si-PYGL (R), Glycogen phosphorylase inhibitor (S), or OE-PYGL (T) in combination
with AG (n= 3 independent experiments). (U) Schematic diagram of the O-GlcNAcylation pathway. (V) Protein levels of total cellular O-GlcNAc
in microglia treated with OE-PYGL, OSMI, and AB (n= 3 independent experiments). (W) Protein levels of LC3II/I and P62 in microglia treated
with OE-PYGL, OSMI, and A (n= 3 independent experiments). Quantitative data are presented as the mean + SD; *P< 0.05; **P< 0.01;

P 0.001; ###%P< 0.0001.
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Figure 7 PYGL regulates autophagosome—lysosome fusion by modulating the O-GlcNAcylation of SNAP29. (A) Schematic of SNARE

complex-mediated autophagosome—lysosome fusion. (B) Co-IP analysis of SNAP29 O-GlcNAcylation in HMC3 microglial cells. (C) Quanti-
tative data shown in (B) (n= 3 independent experiments). (D) Co-IP of Flag-STX17 to assess interactions with SNAP29 and VAMPS in HMC3
microglial cells. (E) Quantitative data shown in (D) (n= 3 independent experiments). (F) Co-IP of HA-SNAP29 to assess interactions with STX17
and VAMPS in HMC3 microglial cells. (G) Quantitative data shown in (F) (n= 3 independent experiments). (H) Co-IP of Myc-VAMPS to assess
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cells. (K) Quantitative data shown in (J) (= 3 independent experiments). (L) Protein levels of LC3II/I and P62 after transfection with HA-
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(O) Protein levels of LC3II/I and P62 after transfection with HA-SNAP29 (WT) and HA-SNAP29 (QM) in HMC3 microglial cells with SNAP29
CRISPR knockout. (P, Q) Quantitative data shown in (O) (n= 3 independent experiments). Quantitative data are presented as the mean £ SD;
*P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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(Supporting Information Fig. S14A and S14B) transgenic
mice. Functionally, microglia-specific PYGL knockdown
ameliorated key AD pathologies—neuroinflammation, amyloid
burden, and memory deficits—in APP/PS1-21 and in 5xFAD
(Fig. S14C—S14G) transgenic mice. This establishes microglial
glycogenolysis firmly within the pathogenic cascade of AD, and
helps reconcile conflicting literature on the role of brain glycogen
in cognition. While prior studies reporting beneficial effects of
glycogen turnover typically focused on physiological memory
formation in young organisms®*>, our data, together with other
related evidence'® indicate that in the aged, neurodegenerative brain,
sustained microglial glycogenolysis becomes detrimental, under-
scoring a critical context-dependency in brain energy metabolism.

A central question arising from our findings is how elevated
glycogenolysis impairs microglial function. Our multi-omics and
functional analyses identified autophagy as the primary process
affected. PYGL knockdown enhanced autophagic flux, specif-
ically promoting autophagosome—lysosome fusion, in both A(342-
treated microglia and microglia isolated from APP/PS1-21 and
5xFAD (Fig. S14H—S14J) transgenic mice. Mounting evidence
establishes autophagic dysfunction as an important pathogenic
driver in AD>®, with microglial autophagy playing a pivotal role in
AB clearance and neuroinflammatory control®’°.  Although
autophagy can be activated in plaque-associated microglia, its
suppression exacerbates pathology, highlighting the importance of
functional flux over mere induction®®>'-0%-01 Therefore, the
restoration of autophagic activity following PYGL knockdown
provides a direct mechanistic link between aberrant glycogen
metabolism and the compromised cellular clearance pathways
central to AD progression.

Our findings uncovered a pathogenic rewiring of glycogen
catabolism in AD microglia, wherein PYGL-mediated glycogen-
olysis preferentially fuels the HBP in microglia. This diversion of
carbon flux leads to increased UDP-GIcNAc levels and a conse-
quent rise in global protein O-GlcNAcylation, directly linking
glycogen breakdown to a widespread post-translational modifi-
cation program. Our data reveal a critical functional shift: in
Ag-stimulated microglia, glycogenolysis serves not primarily to
meet bioenergetic demands, but to supply substrates for protein
glycosylation. This mechanism represents a distinct, pathology-
dependent stratification of immunometabolism. In other immune
contexts, such as in activated dendritic cells or CD8" memory T
cells, glycogen breakdown is rapidly deployed to support energy
production or redox balance through the PPP*'*2, Although the
levels of some metabolites, such as RS5P and Itcotate, were
increased after PYGL knockdown. Integrating metabolic flux and
metabolomic data, we propose that under A stimulation, carbon
from PYGL-mediated glycogenolysis is not primarily channeled
into the TCA cycle or the PPP, and the changes observed in some
TCA and PPP metabolites likely reflect adaptive metabolic
fluctuations secondary to the improved immune and autophagic
function of microglia after PYGL knockdown—such as
adjustments in energy demand and redox balance. In other
words, glycogenolysis likely regulates the PPP and the TCA
indirectly—modulating its function—rather than acting as a major
direct supplier of carbon skeletons.

We identified SNAP29, a core SNARE protein required
for autophagosome—lysosome fusion, as the critical target linking
O-GlcNAcylation to autophagy impairment. The SNARE com-
plex, a protein assembly complex responsible for regulating
autophagosome—lysosome fusion, plays a critical role in
sustaining autophagic flux®*®’. SNAP29 is one of the core

components of the SNARE complex, and the O-GlcNAcylation
level of SNAP29 determines autophagosome maturation in
mammalian cells®*®. PYGL-driven glycosylation of SNAP29
impaired its assembly into functional SNARE complexes,
thereby stalling autophagosome maturation. Crucially, mutating
the O-GlcNAc sites on SNAP29 not only restored autophagic flux
but also fully reversed the inhibitory effect of PYGL over-
expression. In AD, SNAP29-mediated autophagy correlates with
IL-18 release and neuroinflammation®, while SNARE complex
stability contributes to intracellular A clearance in neurons®’.
These establish SNAP29 O-GlcNAcylation as the precise molec-
ular mechanism through which aberrant glycogenolysis disrupts
autophagic flux of microglia in AD, directly connecting metabolic
dysregulation to impaired proteostasis.

Several important limitations and future directions emerge
from this work. First, other peripheral immune cells and central
nervous system cells also express other PYG isoforms?'*%, which
may similarly be involved in AD pathological progression. The
translational potential of targeting microglial PYGL requires
careful evaluation. Second, the global O-GlcNAcylome in AD
microglia remains largely unmapped; systematic profiling could
reveal additional modified proteins that influence inflammation,
phagocytosis, or cell survival. Third, future studies using inducible
knockouts or small-molecule inhibitors in advanced disease stages
will be crucial for assessing therapeutic windows.

5. Conclusions

Our work elucidates the characteristics of aberrant PYGL-
mediated glycogenolysis in microglia under AD pathological
conditions and reveals its key mechanistic role in regulating
O-GlcNAcylation and enhancing autophagic flux. Thus, targeting
PYGL-mediated glycogenolysis may serve as an immunometa-
bolic therapeutic strategy for AD by enhancing microglial
autophagic function.
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