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the brains of AD patients or AD animal models, NLRP3 
inflammasome activation is significantly increased, while 
mice with NLRP3 knockout largely display alleviation of 
AD-associated symptoms such as neuroinflammation 
and impaired spatial memory, among others [5–7]. This 
connection suggests that the NLRP3 inflammasome is a 
potential therapeutic target for controlling neuroinflam-
mation in AD. However, although the phenotype and 
functional characteristics of NLRP3 inflammasomes are 
well known, the molecular mechanism responsible for 
its activity regulation during AD has thus far remained 
elusive.

Activation of the NLRP3 inflammasome gives rise to 
mature caspase-1, resulting in subsequent cleavage of 
pro-IL-1β, pro-IL-18, and gasdermin D into their active 
forms, which then exert immunomodulatory effects 

Introduction
Alzheimer’s disease (AD) is a typical progressive neuro-
degenerative disease characterized by microglia-medi-
ated neuroinflammation that is central to its pathology 
[1, 2]. Increasing evidence demonstrated that amyloid-β 
(Aβ)-induced activation of NLR family pyrin domain con-
taining 3 (NLRP3) inflammasomes in microglia is essen-
tial for the maturation of interleukin-1β (IL-1β) and the 
subsequent development of neuroinflammation [3, 4]. In 
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Abstract
The NLR family pyrin domain containing 3 (NLRP3) inflammasome in microglia is intimately linked to the 
pathogenesis of Alzheimer’s disease (AD). Although NLRP3 inflammasome activity is regulated by cellular 
metabolism, the underlying mechanism remains elusive. Here, we found that under the pathological conditions 
of AD, the activation of NLRP3 inflammasome in microglia is accompanied by increased glutamine metabolism. 
Suppression of glutaminase, the rate limiting enzyme in glutamine metabolism, attenuated the NLRP3 
inflammasome activation both in the microglia of AD mice and cultured inflammatory microglia. Mechanistically, 
inhibiting glutaminase blocked the anaplerotic flux of glutamine to the tricarboxylic acid cycle and amino acid 
synthesis, down-regulated mTORC1 signaling by phosphorylating AMPK, which stimulated mitophagy and 
limited the accumulation of intracellular reactive oxygen species, ultimately prevented the activation of NLRP3 
inflammasomes in activated microglia during AD. Taken together, our findings suggest that glutamine metabolism 
regulates the activation of NLRP3 inflammasome through mitophagy in microglia, thus providing a potential 
therapeutic target for AD treatment.
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[8–10]. Some studies have shown that the reactive oxy-
gen species (ROS) and mitochondrial DNA (mtDNA) 
released by dysfunctional mitochondria will activate 
NLRP3 inflammasome, and enhancing mitophagy can 
effectively inhibit the activation of NLRP3 inflamma-
some by scavenging dysfunctional mitochondria [11–13]. 
Mitochondria play a key role in the cellular metabolic 
network. Tricarboxylic acid cycle (TCA), oxidative phos-
phorylation, fatty acid oxidation, nucleotide synthesis, 
amino acid metabolism and so on all occur in mitochon-
dria [14]. Studies have found that metabolic reprogram-
ming occurs in activated microglia of AD [15–17]. 
Therefore, we speculate that this metabolic disturbance 
will inevitably affect the function of mitochondria. Fur-
thermore, it has been previously shown that NLRP3 
inflammasome activation is also associated with disrup-
tion of metabolic pathways, including TCA metabolism 
[18, 19], fatty acids [20, 21], cholesterol [22, 23], and gly-
colysis [24, 25]. Based on the above background, we pro-
pose a conjecture: whether metabolic disturbance in the 
activated microglia of AD affects the activity of NLRP3 
inflammasome by regulating mitochondrial function.

Glutamine is the most abundant nonessential amino 
acid in most mammals [26]. In rapidly proliferating cells 
such as cancer cells or activated immune cells, glutamine 
metabolism initiated by glutaminase can replenish the 
TCA cycle to generate reducing equivalents that drive 
the mitochondrial respiratory chain and produce precur-
sors for lipid and protein biosynthesis [27, 28]. Glutamine 
anaplerosis can lead to increased succinate production, 
the accumulation of which can trigger a series of events 
that cumulatively result in heightened release of the pro-
inflammatory cytokine IL-1β in mouse macrophages 
[29]. Thus, we speculate that glutamine metabolism may 
affect the activity of NLRP3 inflammasome. However, 
whether glutamine metabolism in microglia is disturbed 
under pathological conditions of AD, and the effects of 
glutamine metabolism on NLRP3 inflammasome-depen-
dent secretion of IL-1β have not been reported.

Here, data from metabolomics and metabolic flux 
analysis show that under pathological conditions of 
AD, glutamine metabolism is markedly increased in the 
microglia of 8-month-old female APPswe/PSEN1dE9 
transgenic (APP/PS1) mice and in cultured inflamma-
tory primary microglia induced by Aβ, accompanied 
by NLRP3 inflammasome activation and secretion of 
active IL-1β. While inhibiting glutamine metabolism by 
depletion or silencing of glutaminase 1 isoform (GLS1) 
can hinder the anaplerotic flux of glutamine to the 
TCA cycle, consequently limiting amino acid synthesis 
and inducing mitophagy in microglia. The promotion 
of mitophagy can reduce intracellular ROS, ultimately 
inhibiting NLRP3 inflammasome activation and pro-
duction of IL-1β. These findings suggest that glutamine 

metabolism may be a determining regulatory factor in 
the activation of NLRP3 inflammasomes in microglia and 
point to glutamine metabolism as a promising therapeu-
tic target for treating AD.

Materials and methods
Animals
All mice used were in C57BL/6 background. 8-month-old 
female Alzheimer’s disease transgenic mice (APP/PS1) 
and wild-type (WT) littermates were provided by Nan-
jing Biomedical Research Institute of Nanjing University 
(Nanjing, China). All mice were housed under standard 
conditions in a specific pathogen-free facility monitor-
ing health status, with temperature of 20–24℃, humid-
ity of 40–70%, 12  h light-dark cycle, and free access to 
food and water. Animal care and handling was performed 
according to the declaration of Helsinki and approved by 
the ethical committees of Beijing University of Chinese 
Medicine.

Primary microglia culture
Primary microglia were isolated from the cerebral cor-
tices of male and female C57BL/6 mice within 24  h of 
birth. Meninges on the cerebral cortices were carefully 
peeled off in ice-cold D-Hank’s solution (Solarbio). All 
cerebral cortices were cut into small pieces with scissors 
and transferred to a centrifuge tube containing 0.125% 
trypsin solution (Gibco) for 10 min at 37℃. After centrif-
ugation, Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco) containing 1% penicillin-streptomycin (P/S; 
Sigma-Aldrich) and 10% fetal bovine serum (FBS; Gibco) 
was added to the sediment. Resuspend the cells and 
use 70 μm cell screen for filtration. Then, the cells were 
plated on T-25 cell culture flasks which pre coated with 
poly-L-Lysine (PLL; Sigma-Aldrich) at 5.0 × 105 cells/ml, 
and 4 ml culture medium (DMEM with 1% P/S and 10% 
FBS) was added to each bottle (37℃, 5% CO2). Half of 
the culture medium was renewed every three days. On 
day 10, microglia were isolated from mixed glial cells by 
tapping the flask. The isolated microglia were plated on 
24-well cell culture plates which pre coated with PLL at 
2.0 × 105 cells/ml and incubated for 3 d before using.

Animal treatments
For inhibition of GLS1 expression and its initiated glu-
tamine metabolism, APP/PS1 mice were treated with 
telaglenastat (CB-839) (50  mg/kg, administered by oral 
gavage once a day for 1 week; Sigma-Aldrich). Vehicle for 
CB-839 was corn oil.

Isolation of microglia from adult mouse brains
The microglia were isolated from the brain of 8-month-
old female APP/PS1 mice or WT mice. In brief, mice 
were anesthetized with isoflurane (Sigma-Aldrich) and 
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transcardially perfused with ice-cold saline, and then the 
brain (excluding the cerebellum and olfactory bulbs) was 
dissected. Meninges on the brain were carefully peeled 
off in ice-cold D-Hank’s solution (Solarbio). The tissue 
were cut into small pieces with scissors and transferred 
to a centrifuge tube containing 100 U Papain (Worthing-
ton), 6 U Dispase II (Sigma-Aldrich) and 100 U DNase 
I (Sigma-Aldrich) for 30  min at 37℃. After centrifuga-
tion, resuspend the cells and use 70  μm cell screen for 
filtration. Microglia were isolated from the single-cell 
suspension of mouse brain using CD11b MicroBeads 
(130-093-634, Miltenyi Biotec) and a magnetic-activated 
cell sorting (Miltenyi Biotec) Separator.

Flow cytometry
The isolated microglia from the brain of 8-month-old 
female APP/PS1 mice or WT mice were stained with 
Zombie-NIR fixable viability dye (423106, Biolegend) for 
30  min at room temperature to exclude the dead cells, 
and then stained with Brilliant Violet 421 anti-CD11b 
(101236, Biolegend). Fixation/Permeabilization Solution 
Kit (BD Biosciences) was used for intracellular staining 
according to manufacturer’s instructions, and the cells 
were stained with FITC-conjugated anti-IL-1β (508206, 
Biolegend), or FLICA 660 Caspase-1 reagent (ICT-9122, 
Biomol) for 30 min at room temperature and processed 
to flow cytometry analysis. A FACSCanto II cytometer 
(BD Biosciences) was used for all flow cytometric assays, 
data were acquired and analyzed by a FACSDIVA soft-
ware (BD Biosciences) or FlowJo™ v10 software.

Preparation of Aβ1−42
1 mg Aβ1−42 peptides (Sigma-Aldrich) were dissolved in 
1  ml 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma-
Aldrich) and sonicated for 10  min in an ice-bath, fol-
lowed by incubation with shaking at 4  °C for 3  h. The 
HFIP in resulting solution was evaporated under a gen-
tle stream of N2 gas to obtain Aβ1−42 films. Dissolving 
Aβ1−42 peptide films to 2 mM in 110.8 µl dimethyl sulf-
oxide (DMSO; Sigma-Aldrich) and diluting the solution 
to 5 µM in DMEM. Then incubated the resulting solu-
tion at 37℃ for 0 h (monomeric Aβ1−42), 24 h (oligomeric 
Aβ1−42, oAβ1−42) and 96 h (fibrillary Aβ1−42).

Stimulation of primary microglia
Primary microglia which isolated from the cerebral cor-
tices of male and female C57BL/6 mice within 24  h of 
birth were plated in 24-well cell culture plates 3 d before 
using. Cells were treated with lipopolysaccharide (LPS) 
from Escherichia coli (100 ng/ml; Sigma-Aldrich) for 
6 h. Medium was removed and replaced with oAβ1−42 (5 
µM) for 12 h or ATP (5 mM; Sigma-Aldrich) for 4 h to 
activate the NLRP3 inflammasome. In order to activate 
the AIM2 inflammasome, LPS-primed microglia were 

treated with poly(dA: dT) (2 µg/ml; Invivogen) for 6 h. In 
order to activate the NLRC4 inflammasome, LPS-primed 
microglia were treated with flagellin from Salmonella 
typhimurium (10 µM; Invivogen) for 2 h. In order to acti-
vate the NLRP1 inflammasome, LPS-primed microglia 
were treated with muramyl dipeptide (MDP) (200 ng/
ml; Invivogen) for 6  h. In some experiments, primary 
microglia were pre-incubated with 10 µM bis-2-(5-phen-
ylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES; 
Sigma-Aldrich) 4 h to inhibit GLS1 expression, or N-ace-
tylcysteine (NAC; 100 µM, 4  h; Sigma-Aldrich) to clear 
ROS, or nicotinamide mononucleotide (NMN; 100 µM, 
4 h; Sigma-Aldrich) to promote mitophagy, or rapamycin 
(10 nM, 4 h; Sigma-Aldrich) to block the mTORC1 path-
way. Then, LPS (100 ng/ml, 6 h) and oAβ1−42 (5 µM, 12 h) 
were added sequentially.

Tissue processing
For immunohistochemistry, the 8-month-old female 
APP/PS1 mice or WT mice (n = 3 per group) were anes-
thetized with isoflurane (Sigma-Aldrich) and transcar-
dially perfused with ice-cold saline followed by ice-cold 
10% neutral-buffered formalin (Thermo Fisher Scientific) 
and brains were dissected and post-fixed in 10% neutral-
buffered formalin before using. Brains were embedded in 
paraffin and sectioned at 4 μm.

For ELISA (n = 6 per group), the brains were dissected 
from anesthetized mice and isolate the hippocampus 
were isolated on ice, then immediately stored − 80℃ 
before using. The ice-cold PBS solution was added to the 
hippocampus in the ratio of 2.5  µl/mg, and the soluble 
components were extracted on ice using a tissue homog-
enizer (OMNI International). Samples were centrifuged 
(14,000 × g, 4 °C, 10 min) and the supernatant recovered.

Immunohistological staining
Immunohistochemical staining was prepared by tissue 
sections of the whole brain which embedded with par-
affin. After deparaffinization and rehydration through 
graded alcohols, citrate buffer was used for antigen 
retrieval at 90ºС for 10 min. After gradually cooled to 
block endogenous peroxidase activity at room tem-
perature, the sections were then washed with PBS and 
blocked with goat serum for 30 min at 37ºС. Removed 
the goat serum, and incubated the sections with mouse-
anti Iba-1 (1:10000; ab283319, Abcam) or mouse-anti Aβ 
antibody (5 µg/ml; ab126649, Abcam) at 4ºС for 12  h. 
Rewarming the sections at room temperature for 30 
min and intubated with biotin-labelled goat anti-mouse 
secondary antibody (1:500; ab47827, Abcam) and strep-
tomycin anti-biotin peroxidase for 10 min each. Then, 
labelled the sections with 3,3’-diaminobenzidine, fol-
lowed by hematoxylin counterstaining. Finally, the 
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sections were washed with PBS and dehydrated by gradi-
ents of ethanol and xylene.

ELISA assays
Cell culture supernatants and mouse hippocampus 
were examined for IL-1β (KE10003, Proteintech), IL-18 
(KE00025, Proteintech), Aβ1−42 (E03A0039, Bluegene) 
and total soluble Aβ (E03A0050, Bluegene) with ELISA 
kits according to the manufacturer’s instructions.

Western blotting
The supernatants of protein lysates of cells or tissues were 
harvested using RIPA buffer (1 mM PMSF, 10  µl/ml of 
Proteases Inhibitors Cocktail; Gibco) and PBS was added 
to the final concentration of 4 mg/ml, and then added 5× 
SDS loading buffer (Beyotime) in the ratio of 4:1 accord-
ing to the volume, and then vortex mixing. Boiled the 
samples at 95–100 °C for 5 min and the protein concen-
tration were quantified with a Pierce Bicinchoninic Acid 
(BCA) Protein Assay kit (Beyotime) according to manu-
factory instructions. To concentrate the protein from the 
cell culture supernatant, 20 µL Strataclean Resin (Agilent) 
was added to 1 mL of supernatant and then vortexed for 
2 min. The mixture was centrifuged at 2000 × g for 2 min 
at room temperature, after which the supernatant was 
removed and discarded. 40 µL RIPA buffer (Gibco) was 
added to the remaining pellet and the protein concen-
tration was determined by BCA Protein Assay Kit (Bey-
otime). Loading the samples into a 5% stacking gel and 
8-12% resolving gel. Proteins were resolved using a Bio-
Rad gel running system and the electrophoretic transfer 
of proteins onto PVDF membrane was performed using 
a Bio-Rad wet transfer system. After transfer, the mem-
brane was washed with TBST and then incubated in 
non-fat milk powder (5% in TBST) rolling 2  h at room 
temperature. Washed with TBST three times for 10 min 
each time. Then, the membrane was incubated in primary 
antibody (diluted in 5% milk powder): rabbit polyclonal 
anti-IL-1β (1:1000; 16806-1-AP, Proteintech), rabbit 
polyclonal anti-caspase-1 (1:1000; 22915-1-AP, Protein-
tech), rabbit polyclonal anti-NLRP3 (1:500; 19771-1-AP, 
Proteintech), goat polyclonal anti-ASC (1:500; ab175449, 
Abcam), rabbit polyclonal anti-GSDMD (1:1000; 20770-
1-AP, Proteintech), mouse monoclonal anti-m-aconitase 
(1:1000; ab110321, Abcam), rabbit polyclonal anti-PINK 
(1:1000; 23274-1-AP, Proteintech), mouse monoclonal 
anti-parkin (1:1000; ab77924, Abcam), rabbit polyclonal 
anti-p62 (1:1000; 18420-1-AP, Proteintech), rabbit poly-
clonal anti-LC3 (1:1000; 18725-1-AP, Proteintech), rabbit 
polyclonal anti-Raptor (1:1000; 20984-1-AP, Proteintech), 
rabbit polyclonal anti-AMPKα (1:1000; 66536-1-Ig, Pro-
teintech), rabbit monoclonal anti-p-AMPKα (Thr172) 
(1:1000; ab133448, Abcam), rabbit polyclonal anti-
KGA/GAC (1:1000; 12855-1-AP, Proteintech), mouse 

monoclonal anti-GAPDH (1:10000; 60004-1-Ig, Pro-
teintech) or mouse monoclonal anti-β-actin (1:10000; 
66009-1-Ig, Proteintech) overnight at 4  °C. Washed 
with TBST three times for 10 min each time. Incubated 
the membrane with secondary antibody for 2 h at room 
temperature. Washed with TBST three times for 10 min 
each time. Immersed the membrane in WesternBright 
ECL Spray (BioRad) prior to visualization for 1–5 min. A 
ChemiDoc™ MP Imaging System (Bio-Rad) was used for 
protein visualization and Image Lab Software (Bio-Rad) 
was used for the quantification of western blot images.

LDH release assay
Cell culture supernatants were collected after corre-
sponding treatments and the LDH release was detected 
using the LDH cytotoxicity assay kit (Beyotime). Briefly, 
60 µL of LDH detection reagents was added into 120 
µL supernatants in each well of 96-well plate. Mixed 
well and incubated at room temperature in the dark for 
30  min. Then, the absorbance was measured at 490  nm 
using a FLUOstar optima.

Metabolomics analysis
Cells were lysed in -80℃ methanol/water (50/50, v) 
on ice and samples were centrifuged (14,000 × g, 4  °C, 
10  min) and the supernatant recovered. Then, samples 
were blow dry with nitrogen and resuspended in 50  µl 
methanol/water (50/50, v). The separation of the metabo-
lites was performed on a ThermoFisher Q-Exactive Orbi-
trap mass spectrometer equipped with ACQUITY UPLC 
BEH Amide column (100 × 2.1 mm, 1.7 μm; Waters). The 
gradient mobile phase was a mixture of acetonitrile/water 
(95/5, v) containing 0.1% ammonium acetate (A) and 
water containing 0.1% ammonium formate (B), and gra-
dient elution was programmed as follows: 0–1  min, 5% 
B; 1–7 min, 5-50% B; 7–9 min, 50% B; 9–9.1 min, 50%-5% 
B; 9.1–12 min, 5%B; flow rate: 0.3 ml/min. The analytical 
column and autosampler temperatures were maintained 
at 45  °C and 4  °C, respectively. The injection volume 
was set at 5  µl and the metabolites were monitored in 
full-scan/dd-MS2 mode (positive mode at a range of 
m/z 50-1500). Data were imported to the Progenesis 
QI (Waters Corp., Milford, USA) for peak alignment to 
obtain a three-dimensional data list containing the reten-
tion time, m/z, and peak intensity of each sample. The 
Metaboanalyst 5.0 database (www.metaboanalyst.ca) was 
used for the hierarchical clustering, partial least squares 
discriminant analysis and variable importance in pro-
jection analysis. Human metabolome database (HMDB, 
www.hmdb.ca) and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) Compound database (www.genome.
jp/kegg) were used for putative metabolite identification 
based on the monoisotopic molecular weight and MS/
MS spectrum.

http://www.metaboanalyst.ca
http://www.hmdb.ca
http://www.genome.jp/kegg
http://www.genome.jp/kegg
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Oxygen consumption rate (OCR) measurements
The OCR was measured using an XF96 extracellu-
lar analyser (Seahorse Bioscience). Primary microglia 
were plated in an XF96 cell culture plates at a density of 
10,000 cells/well. After incubation for 3 d, the cells were 
treated with LPS (100 ng/ml; Sigma-Aldrich) for 6  h. 
The medium was removed and replaced with oAβ1−42 
(5 µM) for 12  h to activate the NLRP3 inflammasome. 
Right before the assays, the media were then removed 
and these cells were changed to XF Seahorse DMEM 
medium (Seahorse Bioscience) at pH 7.4 supplemented 
with 2 mM glutamine, 10 mM glucose and 2 mM sodium 
pyruvate and incubated for 1 h at 37℃ without CO2. The 
OCR was measured at the basal state and after sequen-
tial injection of 1 µM oligomycin, 1 µM carbonyl cyanide 
4-(trifluoromethoxy)phenylhydrazone (FCCP), and rote-
none with antimycin A (both at 0.5 µM).

Glutamine uptake assay
Primary microglia were plated in 24-well cell culture 
plates 3 d before using. Cells were divided into two 
groups, the vehicle-treated and LPS-primed oAβ1−42 
treated microglia. Each group of cells was treated as 
described above. Then, glutamine uptake assay was car-
ried out. Mediums of each group was removed and 
replaced with cell culture medium containing 4 mM glu-
tamine, and the mediums of each group was collected 
at 0, 2, 6 and 12  h (n = 6 per time point). The mediums 
were analyzed by ThermoFisher Q-Exactive Orbitrap 
mass spectrometer equipped with ACQUITY UPLC 
BEH Amide column (100 × 2.1  mm, 1.7  μm; Waters) for 
obtaining the peak area of glutamine. The content values 
of glutamine were calculated by the peak area.

Mass spectrometry analysis of glutamine metabolism
The freshly isolated microglia from 8-month-old APP/
PS1 mice or WT mice were washed with cold PBS and 
lysed with − 80℃ methanol/water (50/50, v) on ice. Sam-
ples were centrifuged (14,000 × g, 4  °C, 10 min) and an 
equal volume of methanol was added to the superna-
tant and centrifuged again. The supernatant was recov-
ered and divided into two parts, one for the detection of 
amino acid metabolites and the other for the detection of 
TCA cycle intermediates.

For amino acids detection, a Waters XevoTQ-S tri-
ple quadrupole mass spectrometer equipped with 
ACQUITY UPLC BEH Amide column (100 × 2.1  mm, 
1.7  μm; Waters) was useded for the separation of the 
metabolites. The gradient mobile phase was a mixture of 
acetonitrile/water (95/5, v) containing 0.1% ammonium 
acetate (A) and water containing 0.1% ammonium for-
mate (B), and gradient elution was programmed as fol-
lows: 0–1 min, 5% B; 1–7 min, 5-50% B; 7–9 min, 50% B; 
9–9.1 min, 50%-5% B; 9.1–12 min, 5%B; flow rate: 0.3 ml/

min. The analytical column and autosampler tempera-
tures were maintained at 45 °C and 4 °C, respectively. The 
injection volume was set at 5 µl.

For TCA cycle intermediates detection, 3-nitrophenyl-
hydrazine (3-NPH) was used as a derivatizing reagent 
for the measurement of these organic acid. 100  µl sam-
ples were mixed with 50 µL aliquots of 3-NPH, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), and 
pyridine. The 3-NPH, EDC, and pyridine solutions were 
prepared in methanol/water (75/25, v) to bring the final 
concentration to 50 mM, 30 mM and 1.5%, respectively. 
Once mixed, the solutions were reacted at 30℃ for 
30  min, and then injected for analysis. A Waters Xevo 
TQ-S triple quadrupole mass spectrometer equipped 
with ACQUITY UPLC BEH C18 column (100 × 2.1 mm, 
1.7  μm; Waters) was useded for the separation of the 
metabolites. The gradient mobile phase was a mixture 
of water containing 0.1% formic acid (A) and acetonitrile 
containing 0.1% formic acid (B), and gradient elution was 
programmed as follows: 0–2  min, 10–20% B; 2–9  min, 
20-55% B; 9–10  min, 55–100% B; 10–11  min, 100% B; 
11.1–13 min, 10%B; flow rate: 0.3 ml/min. The analytical 
column and autosampler temperatures were maintained 
at 45 °C and 4 °C, respectively. The injection volume was 
set at 5 µl.

Stable isotope tracing of glutamine
In the glutamine stable isotope tracing experiment, 4 mM 
12CU-glutamine in the DMEM medium (Glutamine free 
DMEM, Gibco) was replaced by 4 mM 13CU-glutamine 
(Sigma-Aldrich). An untargeted stable isotope tracing 
strategy was applied to obtain the quantitative informa-
tion of the relative incorporation of 13CU-glutamine–
derived metabolites. Waters ACQUITY UPLC I-Class 
liquid chromatography/Xevo G2-XS QTof mass spec-
trometer equipped with SeQuant ZIC-HILIC column 
(100 × 2.1 mm, 3.5 μm; Merck) was useded for the separa-
tion of the metabolites. The gradient mobile phase was a 
mixture of water containing 50 mM ammonium formate 
(A) and acetonitrile (B), and gradient elution was pro-
grammed as follows: 0–10  min, 90 − 50% B; 10–12  min, 
50-90% B; 12–15 min, 90% B; flow rate: 0.4 ml/min. The 
analytical column and autosampler temperatures were 
maintained at 45 °C and 4 °C, respectively. The injection 
volume was set at 2  µl and the metabolites were moni-
tored in full-scan mode (negative mode at a range of m/z 
50-1200). The isotopologue spectral patterns identifica-
tion was based on the monoisotopic molecular weight, 
MS/MS spectrum and the reference substance.

Mole percent enrichment measurement
The mole percent enrichment of each isotopologue was 
calculated as as follows:
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∑n
i=1Mi · i
n

n is the number of carbon atoms of the metabolite; Mi is 
the relative abundance of the ith mass isotopomer.

Intracellular ROS production assays
A cell permeant fluorescent probe DCFH-DA (S0033S, 
Beyotime) was used for ROS detection. Primary microg-
lia were plated in 24-well cell culture plates and washed 
with PBS twice. Cells were incubated with 10 µM DCFH-
DA for 20  min at 37℃. Then, Cells were washed with 
serum free cell culture medium three times and cell 
images were observed using a fluorescence microscope 
(Nikon).

Small interference RNA
Primary microglia were treated with GLS1 small inter-
fering RNA (GLS1 siRNA; SC-145431, Santa Cruz) for 
GLS1 knockdown, following the manufacturer’s guide-
lines. siRNA or negative control siRNA (SC-44230, Santa 
Cruz) were diluted in lipofectamine RNAiMAX transfec-
tion reagent and Opti-MEM medium (Gibco) with the 
final concentration of 20 nM and incubated with primary 
microglia 24 h before LPS and oAβ1−42 treated.

Immunofluorescence
To detect the formation of LC3 puncta, primary microg-
lia were seeded at a density of 1 × 106 cells/mL in cover-
slips coated with PLL in 6-well plates, washed 3 times 
with PBS and fixed with ice-cold 4% paraformaldehyde 
(PFA) for 35 min on ice. Then washed 3 times with PBS 
and permeabilized using 0.5% triton X-100 (Sigma-
Aldrich) for 15  min. Washed 3 times with PBS and 
blocked in 5% BSA (Sigma-Aldrich) for 1.5  h at room 
temperature (RT). The coverslips were then stained with 
rabbit polyclonal anti-LC3 (1:100; 18725-1-AP, Protein-
tech) overnight at 4℃. Washed coverslips 3 times with 
PBS and incubated with goat anti-rabbit Alexa fluor 488 
(1:500; SA00013-2, Proteintech) for 2 h at room tempera-
ture and the cell nuclei were stained with DAPI for 5 min 
at room temperature.

To determine the co-localization of TOM20 with 
LAMP1 or co-localization of ASC with NLRP3 using 
immunofluorescence, primary microglia were seeded 
at a density of 1 × 106 cells/mL in coverslips coated with 
PLL in 6-well plates. After fixed with 4% PFA, permea-
bilized using 0.5% triton X-100 and blocked in 5% BSA, 
the coverslips were then stained with mouse monoclonal 
anti-TOM20 (1:200; 66777-1-Ig, Proteintech) and rab-
bit polyclonal anti-LAMP1 (1:100; bs-1970R, Bioss) or 
goat polyclonal anti-ASC (1:50; ab175449, Abcam) and 
rabbit polyclonal anti-NLRP3 (1:500; 19771-1-AP, Pro-
teintech) overnight at 4℃. Washed coverslips 3 times 

with PBS and incubated with goat anti-mouse Alexa 488 
(1:500; SA00013-1, Proteintech) and goat anti-rabbit 
Alexa 594 (1:500; SA00013-4, Proteintech) or donkey 
anti-goat Alexa 488 (1:500; ab150129, Abcam) and goat 
anti-rabbit Alexa 594 (1:500; SA00013-4, Proteintech) 
for 2  h at room temperature. Cell nuclei were stained 
with DAPI for 5  min at room temperature. Cell images 
were acquired on a Leica TCS SP8 confocal microscope 
(Leica).

Mitochondrial membrane potential analysis
Mitochondrial membrane potential of primary microglia 
was measured using a JC-1 probe (C2006, Beyotime) fol-
lowing the manufacturer’s guidelines. Briefly, cells were 
stained with JC-1 (1×) for 20 min at 37℃, and then wash-
ing twice with free cell culture medium and cell images 
were acquired on a Leica TCS SP8 confocal microscope 
(Leica).

Mitochondria-lysosome co-localization analysis
After corresponding treatment, primary microglia were 
co-stained with 100 nM LysoTracker Green (G1722, Ser-
vicebio) and 500 nM MitoTracker Red (G1723, Service-
bio) for 1 h under normal cell culture conditions. Replace 
the culture medium with a new DMEM and observe with 
a Leica TCS SP8 confocal microscope (Leica).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
v8 software for unpaired Student’s t-test or One way 
ANOVA. All data were presented as means ± standard 
error of the mean (SEM) for at least in triplicate.

Results
NLRP3 inflammasome activation is accompanied by 
metabolomic changes of microglia in the pathogenesis of 
AD
To better understand the mechanism responsible for ini-
tiation of inflammatory response in microglia in AD, an 
APP/PS1 transgenic mouse model of AD was employed. 
Consistent with previous studies, the 8-month-old female 
APP/PS1 mice exhibited greater Aβ deposition (Supple-
mentary Fig. S1A), activated microglia (Supplementary 
Fig. S1B), and total soluble Aβ and Aβ1−42 (Supplemen-
tary Fig. S1C) in hippocampal tissue compared to those 
in their wild-type (WT) littermates. Aβ deposition in AD 
is accepted as an effect of stimulating microglial inflam-
matory response in AD, and can induce the activation 
of NLRP3 inflammasomes, which subsequently cleave 
pro-IL-1β, pro-IL-18, and gasdermin D into their active 
forms [4, 30]. In line with previous reports, we observed 
an increase in the content of IL-1β and IL-18 (Supple-
mentary Fig. S1D), as well as the levels of NLRP3, pro-
IL-1β, mature IL-1β (p17), and mature caspase-1 (p20) 
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Fig. 1 (See legend on next page.)
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in the hippocampus of APP/PS1 mice compared with 
that in WT mice (Supplementary Fig. S1E). To inves-
tigate whether NLRP3 inflammasome was activated in 
microglia under AD pathology, we compared the IL-1β 
level on freshly isolated microglia (CD11b+ microglia) 
from 8-month-old female APP/PS1 mice or WT mice. 
As expected, microglia of APP/PS1 mice showed higher 
levels of IL-1β than WT mice (Fig. 1A). Additionally, we 
conducted immunofluorescence co-localization experi-
ments for NLRP3 and ASC pecks in CD11b+ microglia, 
and the results revealed a significant increase in NLRP3 
and ASC pecks in the microglia of APP/PS1 mice, indi-
cating activation of the NLRP3 inflammasome (Fig. 1B).

To confirm that Aβ indeed triggered NLRP3 inflam-
masome activation in microglia, we treated LPS-primed 
primary microglia with oligomeric Aβ1−42 (oAβ1−42, 
Supplementary Fig. S2A) or the specific NLRP3 inflam-
masome activator ATP, then quantified IL-1β and IL-18 
secretion. Generally, NLRP3 inflammasomes require a 
priming signal from the NF-κB pathway, which induces 
the expression of NLRP3, pro-IL-1β, and pro-IL-18 via 
Toll-like receptors [31]. In the activation stage, NLRP3 
senses corresponding associated molecular patterns, 
such as ATP, nigericin, crystalline substances and Aβ, 
then assembles and activates the NLRP3 inflammasome 
[32–34]. The results showed that in microglia exposed to 
LPS, oAβ1−42 induced an increase in IL-1β (Fig. 1C) and 
IL-18 (Fig. 1D) secretion compared to that in cells with-
out LPS pre-incubation. The effect of oAβ1−42 on NLRP3 
inflammasome activation was confirmed by Western blot 
(WB) analysis, based on results showing that cleaved 
IL-1β (p17) and caspase-1 (p20) levels were increased in 
culture supernatants of LPS-primed microglia treated 
with oAβ1−42, while NLRP3, ASC, pro-IL-1β and pro-
caspase-1 expression were unchanged (Fig. 1E and Sup-
plementary Fig. S2B). These results suggest that oAβ1−42 
affects the activation signal for NLRP3 inflammasomes, 
but not the priming signal. oAβ1−42 also promoted 
the cleavage of gasdermin D to its active N-terminal 

fragment (Supplementary Fig. S2C) in LPS pre-incuba-
tion microglia. However, it does not increase the release 
of LDH (Supplementary Fig. S2D), which is used as a 
measure of pyroptosis, indicating that oAβ1−42 promotes 
NLRP3 inflammasome activation without inducing cell 
death in LPS pre-incubation microglia. Therefore, LPS-
primed oAβ1−42-treated microglia (LoAMs) were used 
to mimic the activation of NLRP3 inflammasome in 
microglia under AD pathological conditions.

To investigate how NLRP3 inflammasome activity con-
tributes to AD pathology, untargeted mass spectrometry-
based metabolomics was conducted to identify the polar 
metabolites of CD11b+ microglia or cultured primary 
microglia. 3274 metabolites of CD11b+ microglia were 
measured and then analyzed using the MetaboAnalyst 
software. Principal component analysis (PCA) showed a 
good separation between APP/PS1 mice and WT mice 
(Fig.  1F), indicated that AD had caused the disorder of 
metabolites in microglia. Statistical analysis revealed 313 
significantly different metabolites between the CD11b+ 
microglia of APP/PS1 and WT mice (variable impor-
tance in the projection (VIP) > 1, Supplementary Table 
S1). Subsequent heatmap analysis of the 30 most signifi-
cantly different metabolites defined specific metabolic 
signatures for the APP/PS1 and WT mice (Fig.  1G, H). 
Metabolic pathway enrichment analysis showed marked 
changes in several metabolic pathways in the CD11b+ 
microglia under AD pathology, especially “glutamine and 
glutamate metabolism”, “glutathione metabolism”, “ala-
nine and proline metabolism”, “arginine biosynthesis”, and 
“alanine, aspartate and glutamate metabolism” (Fig.  1I). 
Concurrently, untargeted metabolomics was used to 
broadly identify differences in intracellular metabolites 
related to NLRP3 inflammasome activation in vehicle-, 
LPS-, oAβ1−42- treated primary microglia and LoAMs. 
The PCA results showed a clear changed of microglia 
metabolism after LPS and oAβ1−42 treatment (Supple-
mentary Fig. S2E). Consistent with metabolomics analy-
sis of CD11b+ microglia, glutamine and glutamate were 

(See figure on previous page.)
Fig. 1 NLRP3 inflammasome activation is accompanied by metabolomic changes of microglia in the pathogenesis of AD. (A) Flow cytometry to detect 
the protein expression of IL-1β as mean fluorescence intensity (MFI) in microglia from 8-month-old female APP/PS1 mice (red lines and bars) or WT mice 
(gray lines and bars) (n = 6). (B) Representative immunofluorescence staining of NLRP3 (red), ASC (green), and DAPI (blue) in microglia from 8-month-old 
female APP/PS1 mice or WT mice. White arrows indicate ASC specks. ND, not detected. Scale bar: 10 μm (n = 6). (C and D) ELISA assays quantifying IL-1β (C) 
and IL-18 (D) secretion in culture supernatants of primary microglia pre-treated with LPS (100 ng/ml, 6 h) before ATP (5 mM, 4 h) or oAβ1−42 (5 µM, 12 h) 
treatment (n = 6). (E) Western blot analysis of cell supernatants or lysates to detect mature IL-1β and caspase-1, NLRP3, ASC, pro-IL-1β, pro-caspase-1 and 
β-actin in primary microglia pre-treated with LPS (100 ng/ml, 6 h) before ATP (5 mM, 4 h) or oAβ1−42 (5 µM, 12 h) treatment (n = 3). (F) Principal compo-
nent analysis of metabolomics profiles for the isolated microglia from 8-month-old female APP/PS1 mice or WT mice (n = 6). (G) Heatmap of the isolated 
microglia between the 8-month-old female WT and APP/PS1 mice subjected to metabolomic profiling. Shown are only the 30 most significantly different 
metabolites ranked by the variable importance in projection (VIP) scores (n = 6). W1–W6 represents WT mice and A1–A6 represents APP/PS1 mice. (H) VIP 
plot identified by partial least squares discriminant analysis (PLS-DA) displaying the top 30 most important metabolite features in the isolated microglia 
of the 8-month-old female WT or APP/PS1 mice. The bar on the right indicates whether each metabolite is enhanced (red) or depleted (purple) in each 
group (n = 6). Metabolic Pathway Enrichment Analysis using putatively identified metabolites of the isolated microglia between the 8-month-old female 
WT and APP/PS1 mice. Pathway impact is measured by the percentage of metabolites in a given pathway and their relative importance in that pathway. 
n represents the number of biological replicates. Data are presented as the mean ± SEM. Statistical significance was determined by unpaired Student’s t 
test (A and B) or one-way ANOVA (C-E). *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant



Page 9 of 21Zhang et al. Journal of Neuroinflammation          (2024) 21:261 

both significantly different in LoAMs, but not in the 
LPS- or oAβ1−42- treated microglia (Supplementary Fig. 
S2F). In particular, glutamine-related metabolic path-
ways were markedly disrupted in LoAMs (Supplemen-
tary Fig. S2G). Taken together, these results indicated 
that NLRP3 inflammasomes were activated in microglia 
during AD development and this process may be accom-
panied by metabolomic changes dominated by glutamine 
metabolism.

Glutamine is rapidly metabolized upon NLRP3 
inflammasome activation in microglia
Based on these above findings, we next investigated the 
relationship between NLRP3 inflammasome activation 
and changes in microglial glutamine metabolism. To this 
end, we first compared differences in metabolic require-
ments between vehicle-treated microglia and LoAMs 
through measuring the oxygen consumption rate (OCR), 
as an indicator of oxidative phosphorylation (OXPHOS) 
using a Seahorse XF analyzer. The OCR was higher in 
LoAMs compared with vehicle-treated microglia, imply-
ing that the sequential treatment of LPS and oAβ1−42 
promotes the metabolism of microglia (Fig. 2A). In addi-
tion, a glutamine uptake assay showed that the extracel-
lular glutamine consumption rate was significantly higher 
during oAβ1−42 stimulation with LPS priming (Fig.  2B). 
These results suggested that glutamine utilization by 
microglia was elevated during NLRP3 inflammasome 
activation, triggered by LPS and oAβ1−42 stimulation. We 
therefore next explored the possible functions of gluta-
mine in microglia during NLRP3 inflammasome activa-
tion. Since glutamine has multiple metabolic uses, but 
in rapidly proliferating cells it mainly serves in anaple-
rotic replenishment of TCA cycle intermediates [27, 28] 
(Fig. 2C), we hypothesized that glutamine anaplerosis is 
essential for NLRP3 inflammasome activation.

To test this possibility, targeted metabolomics was 
initially used to identify common differences in gluta-
mine-derived intracellular metabolite levels between the 
CD11b+ microglia of APP/PS1 and WT mice. Liquid 
chromatography-mass spectrometry (LC-MS) showed 
that levels of glutamine, glutamate, α-ketoglutaric acid, 
succinate, citrate and aspartate were all decreased in 
CD11b+ microglia of APP/PS1 mice (Fig.  2D). Further-
more, this analysis indicated that amino acids, such as 
alanine, proline, arginine, citrulline and ornithine were 
all increased in these CD11b+ microglia relative to their 
levels of WT mice (Fig.  2D). Notably, each of these 
metabolites were derived from glutamine deamination 
and subsequent metabolic steps (Fig.  2C), which sug-
gested that the increased use of glutamine by microglia 
after NLRP3 inflammasome activation may be related 
to an accelerated flux of glutamine to derivative amino 
acids.

Reduced glutamine metabolism regulates NLRP3 
inflammasome activation of microglia in the 
pathogenesis of AD
Given that GLS1 is primarily responsible for catalyz-
ing glutamine metabolism, we inhibited GLS1 to test 
whether the increase in glutamine utilization was related 
to the observed increase in NLRP3 inflammasome activa-
tion. For this purpose, we quantified the release of active 
IL-1β (p17) and caspase-1 (p20) in culture supernatants 
of LPS-primed oAβ1−42-treated microglia with NLRP3 
inflammasome activation after inhibition of GLS1 with 
the small molecule inhibitor BPTES [35] (Supplementary 
Fig. S3A) or by GLS1 knockdown via GLS1 siRNA (Sup-
plementary Fig. S3B) in vitro. We found that active IL-1β 
and caspase-1 release was significantly limited under 
GLS1 inhibition (Fig.  3A, B), while pro-IL-1β and pro-
caspase-1 expression were unchanged (Supplementary 
Fig. S3C, S3D), suggesting that down-regulation of glu-
tamine metabolism via GLS1 inhibition can block NLRP3 
inflammasome activity in microglia. To verify the inhibi-
tory effect of GLS1 on the NLRP3 inflammasome, we 
assessed its impact on ASC speck formation in microg-
lia. Consistent with its effects on IL-1β and caspase-1, 
BPTES or GLS1 siRNA suppressed oAβ1−42-induced ASC 
speck formation (Fig. 3C). Besides, in order to investigate 
whether this effect is specific to NLRP3 inflammasome, 
we analyzed the release of IL-1β in microglia, which 
were pre-treatment with BPTES or GLS1 siRNA before 
treatment with LPS and ATP, an NLRP3 inflammasome 
activator, or poly(dA: dT), an AIM2 inflammasome acti-
vator, or flagellin, an NLRC4 inflammasome activator, 
or muramyl dipeptide (MDP), an NLRP1 inflammasome 
activator. Our results showed that both BPTES and GLS1 
siRNA suppressed IL-1β release in response to treatment 
with NLRP3 inflammasome activator (Supplementary 
Fig. S3E, S3F). However, BPTES or GLS1 siRNA had no 
effect on IL-1β cleavage in response to treatment with 
poly(dA: dT), flagellin or MDP (Supplementary Fig. S3E, 
S3F), which indicated that GLS1 inhibition has a specific 
targeting of NLRP3 inflammasome.

We then treated APP/PS1 mice with Telaglenastat 
(CB-839) in vivo, a chemical inhibitor that attenuates 
GLS1 expression and therefore its downstream glutamine 
metabolism [36]. After one week of continuous injection, 
the effects of CB-839 on microglia and NLRP3 inflam-
masome activation in the brain of APP/PS1 mice were 
investigated. The immunohistochemical staining results 
showed that CB-839 treatment can significantly inhibit 
the activation of microglia (Fig.  3D) and Aβ deposition 
(Supplementary Fig. S3E). At the same time, flow cytom-
etry analysis of CD11b+ microglia of APP/PS1 mice 
revealed a significant decrease in mature IL-1β (Fig. 3E) 
and caspase-1 (Fig. 3F) level after treatment with CB-839, 
indicating that CB-839 can inhibit NLRP3 inflammasome 
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Fig. 2 Glutamine is rapidly metabolized upon NLRP3 inflammasome activation in microglia. (A) Seahorse analysis of oxygen consumption rate (OCR) in 
vehicle-, LPS-, oAβ1−42- treated microglia and LoAMs (n = 3). (B) Extracellular levels of glutamine in vehicle-, LPS-, oAβ1−42- treated microglia and LoAMs 
after culture for 2, 6, and 12 h in glucose-DMEM (n = 6). (C) Metabolic network connecting amino acids of interest through dominant glutamine-glu-
tamate pathways, and schematic representation of oxidative (outer ring in green) and reductive (inner ring in blue) glutamine anaplerotic flux. Open 
circles depict 12C and filled red circles depict 13C atoms derived from 13CU-glutamine. (D) Relative intracellular metabolite abundance measured by mass 
spectrometry in CD11b+ microglia of APP/PS1 mice normalized by cell number and CD11b+ microglia of WT mice (n = 6). n represents the number of 
biological replicates. Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; 
NS, not significant. Gln, glutamine; Glu, glutamate; α-KG, α-ketoglutaric acid; Suc, succinate; Fum, fumarate; Mal, malate; Cit, citrate; OAA, oxaloacetate; 
Asp, aspartate; Ala, alanine; Arg, arginine; Pro, proline; Orn, ornithine; Citru, citrulline
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Fig. 3 (See legend on next page.)
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activation. Collectively, these findings indicate that inhib-
iting glutamine metabolism may consequently decrease 
NLRP3 inflammasome and relieve neuroinflammation of 
AD.

Reduced glutamine metabolism hinders glutamine 
anaplerotic flux and amino acid synthesis in LPS-primed 
oAβ1−42-treated primary microglia
To better understand the metabolic fate of glutamine in 
microglia, we used stable isotope-labeled glutamine to 
trace the relative metabolic flux of glutamine after LPS 
and oAβ1−42-induced NLRP3 inflammasome activation. 
Briefly, the vehicle-treated microglia and LoAMs were 
precultured in glucose-DMEM, then incubated with a 
glutamine tracer uniformly labeled with 13C (13CU-gluta-
mine) for 6 h. The distribution of the tracer in TCA cycle 
metabolites and related intermediates was determined by 
measuring the mass isotope-labeling pattern (Fig.  4A). 
In this tracer experiment, 13CU-glutamine subjected to 
oxidative TCA cycle metabolism (Fig.  2C) should gen-
erate (M + 4) forms of succinate, malate, aspartate and 
citrate, due to the incorporation of four 13C atoms in 
each of these species. By contrast, reductive carboxyl-
ation should yield (M + 5) forms of citrate (i.e., through 
incorporation of five 13C atoms) and (M + 3) forms of 
succinate, malate and aspartate (i.e., through incorpora-
tion of three 13C atoms; see schematic in Fig. 2C). Thus, 
the relative contributions of oxidative metabolism versus 
reductive carboxylation arising from glutamine anaplero-
sis can be reliably quantified by determining the isotopo-
logue distribution and enrichment with 13C in TCA cycle 
intermediates.

The results indicated that glutamate (M + 5) (Fig.  4B 
and Supplementary Fig. S4A), α-ketoglutaric acid 
(M + 5) (Fig.  4C and Supplementary Fig. S4B), succi-
nate (M + 4 and M + 3) (Fig.  4D and Supplementary Fig. 
S4C), malate (M + 4 and M + 3) (Fig. 4E and Supplemen-
tary Fig. S4D), and aspartate (M + 4 and M + 3) (Fig.  4F 
and Supplementary Fig. S4E) derived from 13CU-glu-
tamine were all significantly increased in LPS-primed 
oAβ1−42-treated microglia following NLRP3 inflamma-
some activation, compared with their levels in vehicle-
treated microglia. By contrast, the total abundance of 
each metabolite, including the total labeled and unla-
beled isotopologues, decreased after LPS and oAβ1−42 

stimulation (Supplementary Fig. S4F), which was con-
sistent with the results of targeted metabolomics of the 
CD11b+ microglia from 8-month-old APP/PS1 mice or 
WT mice (Fig. 2D). In addition, the M + 4 isotopologues 
of succinate, malate, and aspartate were markedly more 
abundant than the corresponding M + 3 isotopologues, 
which indicated that oxidative metabolism was the pre-
dominant mode of glutamine anaplerosis. Overall, the 
decreased total abundances of glutamate, α-ketoglutaric 
acid, succinate, malate, and aspartate, together with the 
increased isotopologue distribution with 13C, consis-
tently indicated a faster glutamine flux through the gluta-
mine anaplerosis in microglia following LPS and oAβ1−42 
stimulation as compared with the control group.

Due to the complexity of metabolic pathways responsi-
ble for the fate of glutamine-derived amino acids (includ-
ing proline, arginine, citrulline, and ornithine), accurate 
determination of the role of glutamine in their synthesis 
was difficult through single isotope labeling. Therefore, 
the contribution of glutamine carbon to amino acid syn-
thesis was calculated as the proportion of each amino 
acid isotopologue to their respective total abundance. We 
found that glutamine carbon integration into amino acids 
was increased in LPS-primed oAβ1−42-treated microglia 
compared with that in vehicle-treated microglia (Fig. 4G 
and Supplementary Fig. S4G). Collectively, these results 
indicated that in microglia with activated NLRP3 inflam-
masomes, oxidative metabolism and reductive carboxyl-
ation were both increased through glutamine anaplerosis, 
as was synthesis of glutamine-derived amino acids.

Next, we investigated the effects of GLS1 inhibition on 
glutamine anaplerotic flux. In line with our above results, 
tracing studies revealed that glutamate (M + 5) (Fig. 4B), 
α-ketoglutaric acid (M + 5) (Fig.  4C), succinate (M + 4 
and M + 3) (Fig.  4D), malate (M + 4 and M + 3) (Fig.  4E), 
and aspartate (M + 4 and M + 3) (Fig.  4F) isotopologues 
were all significantly decreased under GLS1 suppression 
by BPTES or siRNA compared with their levels under 
NLRP3 inflammasome activation stimulated by LPS and 
oAβ1−42. In addition, glutamine incorporation into pro-
line, arginine, citrulline, and ornithine was also prevented 
by GLS1 suppression (Fig.  4G). These results indicated 
that deficiency for GLS1 in microglia can weaken the oxi-
dative metabolism and reductive carboxylation required 

(See figure on previous page.)
Fig. 3 Reduced glutamine metabolism regulates NLRP3 inflammasome activation of microglia in the pathogenesis of AD. (A and B) WB analysis of pro- 
and mature caspase-1 and IL-1β in lysates and supernatants of LoAMs under GLS1 suppression by BPTES (A) or siRNA (B) (n = 3). ND, not detected. (C) 
Representative immunofluorescence staining of NLRP3 (red), ASC (green), and DAPI (blue) in primary microglia before or after LPS (100 ng/mL, 6 h) prim-
ing followed by oAβ1−42 (5 µM, 12 h) in the presence or absence of BPTES or GLS1 siRNA. White arrows indicate ASC specks. ND, not detected. Scale bar: 
10 μm (n = 6). (D) Iba1-immunopositive microglia and quantitative analysis of microglia in the hippocampal regions of 8-month-old female WT and APP/
PS1 mice (n = 6). Scale bar: 200 μm. The insets show the magnified Iba1-immunopositive microglia. Scale bar: 50 μm. (E and F) Flow cytometry to detect 
the protein expression of IL-1β (E) and caspase-1 (F) as mean fluorescence intensity (MFI) in microglia from 8-month-old WT mice (gray lines and bars) 
or APP/PS1 mice in the presence (green lines and bars) or absence (red lines and bars) of CB-839 (n = 6). n represents the number of biological replicates. 
Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 4 Reduced glutamine metabolism hinders glutamine anaplerotic flux and amino acid synthesis in LPS-primed oAβ1−42-treated primary microglia. 
(A) Experimental scheme for stable isotope tracing of glutamine. (B-F) Effect of BPTES and GLS1 siRNA on fractional contribution of 13CU-glutamine to 
glutamate (B), α-KG (C), succinate (D), malate (E) and aspartate (F) (n = 3). (G) Effect GLS1 suppression by BPTES or GLS1-targeted siRNA on fractional 
contribution of 13CU-glutamine to glutamine-derived amino acids (n = 3). n represents the number of biological replicates. Data are presented as the 
mean ± SEM. Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 5 (See legend on next page.)
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for glutamine anaplerosis, and inhibits biosynthesis of 
glutamine-derived amino acids.

Reduced glutamine metabolism enhances microglial 
mitophagy and inhibits NLRP3 inflammasome activation
We next investigated the regulatory mechanism through 
which glutamine metabolism mediates NLRP3 inflam-
masome activation in the pathogenesis of AD. Higher 
ROS accumulation was detectable in LoAMs compared 
with that in vehicle-treated microglia, while GLS1 knock-
down by BPTES or GLS1 siRNA treatment resulted in 
significantly reduced ROS production compared with 
untreated control cells (Supplementary Fig. S5A). It is 
noteworthy that ROS are presumed to directly trigger 
NLRP3 inflammasome activation [32]. Pretreatment of 
microglia with the ROS scavenger NAC resulted in sig-
nificant inhibition of the release of mature IL-1β and cas-
pase-1 (Fig. 5A and Supplementary Fig. S5B). These data 
implied that glutamine metabolism may affect NLRP3 
inflammasome activation through modulation of ROS 
production.

It is well-established that mitochondrial dysfunc-
tion can result in elevated ROS production [37], so we 
therefore evaluated the effects of glutamine metabolism 
on mitochondrial function during activation of NLRP3 
inflammasomes. Compared with vehicle-treated microg-
lia, LoAMs exhibited reduced mitochondrial membrane 
potential, as assessed by JC-1 assays (Supplementary 
Fig. S5C), and was accompanied by increased levels of 
the mitochondrial matrix protein, m-aconitase (Supple-
mentary Fig. S5D, S5E), suggesting that dysfunctional 
mitochondria might accumulate during NLRP3 inflam-
masome activation stimulated by LPS and oAβ1−42. It 
noteworthy that these effects were markedly inhibited 
under GLS1 silencing by BPTES (Supplementary Fig. 
S5D) or GLS1 siRNA (Supplementary Fig. S5E). These 
results collectively showed that inhibition of glutamine 
metabolism in microglia with activated NLRP3 inflam-
masomes might alleviate mitochondrial dysfunction, 
which may potentially serve as a determining factor in 
the regulation of NLRP3 inflammasome activation.

Since mitophagy is essential for clearance of damaged 
mitochondria and maintenance of cellular homeostasis 
[38], we thus hypothesized that suppression of glutamine 

metabolism could inhibit activation of NLRP3 inflam-
masomes by promoting mitophagy and consequently 
reducing intracellular ROS production. WB assays 
showed that expression of the mitophagy-related pro-
tein PINK1 and parkin was increased and the expres-
sion of p62 was decreased in LoAMs, compared with 
that in vehicle-treated microglia, while GLS1 inhibition 
by BPTES (Fig. 5B) or GLS1 siRNA (Supplementary Fig. 
S5F) led to a further increase in PINK1 and parkin lev-
els and a further decrease in p62 levels. Immunofluores-
cence microscopy revealed increased expression of the 
autophagosomal microtubule-associated protein 1 A-1B-
light chain 3 (LC3) (Fig.  5C) and increased co-localiza-
tion of outer mitochondrial membrane protein TOM20 
with lysosomal-associated membrane protein 1 (LAMP1) 
in BPTES- or GLS1 siRNA-treated microglia compared 
with LoAMs, indicating that damaged mitochondria 
were efficiently delivered to lysosomes (Fig. 5D). To fur-
ther confirm this, we performed immunofluorescence 
staining of MitoTracker and LysoTracker. BPTES- or 
GLS1 siRNA-treated microglia displayed a significantly 
increased MitoTracker and LysoTracker merge stain-
ing (yellow) compared with LoAMs (Fig.  5E). These 
results indicated that inhibiting glutamine metabolism 
in microglia with activated NLRP3 inflammasomes could 
enhance mitophagy-mediated clearance of damaged 
mitochondria.

To test this possibility, LoAMs were exposed to NMN, 
a stimulator of mitophagy, and NLRP3 inflammasome 
activity was determined by quantification of IL-1β and 
caspase-1. The results indicated that levels of both pro-
teins were decreased under stimulation of mitophagy 
compared with unstimulated cells (Fig.  5F and Supple-
mentary Fig. S5G), confirming that increased mitophagy 
resulted in reduced NLRP3 inflammasome activity. Col-
lectively, these data suggested that under the pathologi-
cal conditions of AD, inhibiting glutamine metabolism in 
microglia with activated NLRP3 inflammasomes could 
enhance mitophagy, promote clearance of damaged 
mitochondria, and reduce intracellular ROS production, 
ultimately inhibiting inflammasome activity.

(See figure on previous page.)
Fig. 5 Reduced glutamine metabolism enhances microglial mitophagy and inhibits NLRP3 inflammasome activation. (A) Western blots of pro- and ma-
ture IL-1β and caspase-1 in lysates and supernatants of LoAMs in the presence or absence of the anti-oxidant and free radical scavenger NAC (n = 3). ND, 
not detected. (B) Western blots and densitometry quantification of the mitophagy protein PINK1, parkin, and p62 in LoAMs in the presence or absence 
of BPTES (n = 3). (C) Autophagosome formation indicated by puncta and quantitated by confocal microscopy in LoAMs in the presence or absence of 
BPTES or GLS1 siRNA. Scale bar: 10 μm (n = 6). (D) Confocal microscopy detection and quantitation of co-localization of the mitochondrial protein TOM20 
(green), lysosomal protein LAMP1 (red), and DAPI (blue) in LoAMs in the presence or absence of BPTES or GLS1 siRNA. Scale bar: 10 μm (n = 6). (E) Confocal 
microscopy detection and quantitation of co-staining of MitoTracker ang LysoTracker in LoAMs in the presence or absence of BPTES or GLS1 siRNA. Scale 
bar: 10 μm (n = 6). (F) WB analysis of pro- and mature IL-1β and caspase-1 in lysates and supernatants of LoAMs in the presence or absence of mitophagy 
stimulator NMN (n = 3). n represents the number of biological replicates. Data are presented as the mean ± SEM. Statistical significance was determined 
by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 6 (See legend on next page.)
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Reduced glutamine metabolism enhances mitophagy in 
LPS-primed oAβ1−42-treated primary microglia via AMPK/
mTORC1 signaling
AMP-activated protein kinase (AMPK) is known to play 
a major role in the regulation of intracellular energy 
homeostasis. Specifically, under nutrient deficiency, 
AMPK is activated to inhibit the function of mamma-
lian target of rapamycin complex 1 (mTORC1), which 
in turn leads to the induction of autophagy, thereby 
generating energy for cellular metabolism [39, 40]. Pre-
vious work has verified that intracellular glutamine defi-
ciency is accompanied by downregulation of mTORC1 
and increased autophagy [41]. Therefore, to determine 
whether reduced glutamine metabolism also promotes 
mitophagy, and thus inhibits NLRP3 inflammasome 
activity via modulation of AMPK/mTORC1 signaling, 
we analyzed the expression of mTORC1 complex pro-
tein Raptor in NLRP3 inflammasome-activated microglia 
with GLS1 knockdown by BPTES or GLS1-siRNA. West-
ern blots showed that Raptor protein levels were reduced 
in LoAMs compared to that in vehicle-treated microg-
lia. Moreover, Raptor levels were further decreased in 
inflammasome-activated microglia with chemical or 
genetic GLS1 knockdown (Fig.  6A, B). In contrast, LPS 
and oAβ1−42 treatment increased AMPK phosphoryla-
tion in microglia, which was further enhanced by GLS1 
suppression (Fig.  6A, B). These results suggested that 
glutamine metabolism could participate in regulating the 
AMPK/mTORC1 signaling pathway.

To further confirm the relationship between the 
AMPK/mTORC1 signaling and mitophagy, we inhibited 
mTORC1 activity with its specific inhibitor, rapamycin, in 
LPS-primed oAβ1−42-treated microglia and examined the 
effects on mitophagy-related marker expression. Immu-
nofluorescence staining showed that mTORC1 inhibition 
by rapamycin increased LC3 expression (Fig. 6C), as well 
as co-localization of mitochondrial TOM20 with lyso-
somal LAMP1 (Fig.  6D) and merge staining (yellow) of 
MitoTracker with LysoTracker (Fig.  6E), compared with 
that in LPS-primed oAβ1−42-treated primary microglia, 
indicating that mitophagy was enhanced by mTORC1 
inhibition. In addition, we further examined the effects 
of mTORC1 inhibition on NLRP3 inflammasome activ-
ity. Western blot analysis showed that rapamycin treat-
ment led to decreased production of active IL-1β and 

caspase-1 induced by LPS and oAβ1−42 treatment, though 
not to levels as low as those in vehicle-treated controls 
(Fig.  6F and Supplementary Fig. S6A), confirming that 
mTORC1 inhibition results in attenuation of NLRP3 
inflammasome activity. Taken together, these results sug-
gested that reducing glutamine metabolism by inhibiting 
GLS1 could activate AMPK, inhibit mTORC1, and thus 
promote mitophagy, ultimately blocking NLRP3 inflam-
masome activity.

Reduced glutamine metabolism enhances mitophagy via 
AMPK/mTORC1 signaling in microglia of APP/PS1 mice
Given our finding that suppressing glutamine metabo-
lism can ultimately inhibit NLRP3 inflammasome activity 
by enhancing mitophagy through stimulation of AMPK/
inhibition of mTORC1 in LoAMs, we next investigated 
whether suppressing glutamine metabolism positively 
regulated mitophagy and AMPK/mTORC1 signaling 
in microglia of APP/PS1 mice. Western blots showed 
that expression of mitophagy-related protein p62 was 
decreased while LC3II levels increased in the CD11b+ 
microglia of APP/PS1 mice, compared with that in WT 
mice. In addition, GLS1 inhibition by CB-839 in APP/
PS1 mice further decreased p62 expression but increased 
LC3II accumulation (Fig.  7A). These findings suggested 
that the microglia of APP/PS1 mice had enhanced 
mitophagy, and that inhibition of glutamine metabolism 
further induced mitophagy in order to effectively clear 
and recycle damaged mitochondria. In agreement with 
these findings, Raptor levels were reduced while AMPK 
phosphorylation was increased in the CD11b+ microglia 
of APP/PS1 mice compared with WT mice, and that sup-
pressing GLS1 expression with CB-839 further reduced 
raptor accumulation and increased AMPK phosphory-
lation (Fig. 7A). These findings suggested that inhibition 
of glutamine metabolism positively regulates AMPK/
mTORC1 signaling pathway in microglia of APP/PS1 
mice.

Discussion
Microglia-mediated neuroinflammation in AD can func-
tion as a metaphorical double-edged sword. Generally, 
mild neuroinflammation is a function of the host defense 
against pathogens or host-derived damage signals, 
whereas excessive inflammation induced by microglia 

(See figure on previous page.)
Fig. 6 Reduced glutamine metabolism enhances mitophagy in LPS-primed oAβ1−42-treated primary microglia via AMPK/mTORC1 signaling. (A and B) WB 
analysis and densitometry-based quantification of raptor and p-AMPK in LoAMs in the presence or absence of BPTES (A) and GLS1 siRNA (B) (n = 3). (C) 
Autophagosome formation indicated by puncta and quantitated by confocal microscopy in LoAMs with or without rapamycin. Scale bar: 10 μm (n = 6). 
(D) Confocal microscopy detection and quantitation of co-localization of the mitochondrial protein TOM20 (green), lysosomal protein LAMP1 (red), and 
DAPI (blue) in LoAMs in the presence or absence of rapamycin. Scale bar: 10 μm (n = 6). (E) Confocal microscopy detection and quantitation of co-staining 
of MitoTracker ang LysoTracker in LoAMs in the presence or absence of rapamycin. Scale bar: 10 μm (n = 6). (F) Western blot analysis of pro- and mature 
IL-1β and caspase-1 in lysates and supernatants of LoAMs in the presence or absence of rapamycin (n = 3). ND, not detected. n represents the number of 
biological replicates. Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; 
NS, not significant
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can lead to a series of deleterious inflammatory effects 
and accelerate AD-related neurodegeneration [42]. 
Therefore, the microglial inflammatory response must be 
strictly controlled to prevent a pathogenic cascade. The 
NLRP3 inflammasome protein complexes are key regula-
tors of microglial activation [3]. Studies have shown that 
NLRP3 inflammasomes play a pivotal role in the patho-
genesis of AD [6, 43], but the underlying mechanisms 
have remained unknown.

Findings of the current study illustrate a pathogenic 
process/axis in AD disease in which NLRP3 inflamma-
some activation is accompanied by metabolic reprogram-
ming dominated by glutamine metabolism. Suppression 
of glutamine metabolism via GLS1 knockdown or inhi-
bition increases the occurrence of mitophagy, reduc-
ing intracellular ROS, which thus inhibits activation of 
NLRP3 inflammasomes and subsequent IL-1β produc-
tion in microglia. Consistent with the above studies, we 
observed that administration of GLS1 inhibitor leads to 
increased mitophagy and decreased NLRP3 inflamma-
some activity in APP/PS1 mice.

The activation of NLRP3 inflammasomes requires a 
priming step and an activation step. In the priming stage, 
cells sense LPS or other pathogen-associated inflamma-
tory response-stimulating factors, which results in tran-
scriptional up-regulation of NLRP3, ASC, and pro-IL-1β. 
Then host-derived damage-related molecules initiate the 
activation stage signal pathway to induce the assembly 
and activation of NLRP3 inflammasomes [31, 44]. Pre-
vious studies have found that Aβ can activate NLRP3 
inflammasomes by inducing lysosomal disruption [45]. 
In line with those results, findings in this study show that 
Aβ has no obvious effect on the priming stage, but can 
function as a stimulating signal in the activation stage 
of NLRP3 inflammasomes, consequently inducing an 
inflammatory response in microglia. In addition, a grow-
ing body of evidence supports the likelihood that NLRP3 
inflammasome activity is also modulated by intracellular 
metabolic pathways or endogenous metabolites, espe-
cially energy-related metabolism, such as glycolysis, fatty 

acid metabolism, and the TCA cycle metabolites suc-
cinate and itaconate [46]. In this study, untargeted and 
targeted metabolomics analyses revealed that microglial 
NLRP3 inflammasomes induced by priming with LPS 
and activation with Aβ1−42 are accompanied by metabolic 
reprogramming characterized by changes in glutamine 
metabolism. These findings suggest a strong link between 
these shifts in glutamine metabolism and activation of 
NLRP3 inflammasomes by Aβ1−42.

Glutamine-related metabolic reprogramming is com-
monly reported in cancer cells, and has been identi-
fied as a mechanism for increasing carbon and nitrogen 
availability in rapidly proliferating cells [47]. In this pro-
cess, glutamine-glutamate enters mitochondria where 
it is converted to α-ketoglutarate (α-KG), which is then 
transferred to the TCA cycle to produce the reduc-
tion equivalents (NADH and FADH2) and intermediate 
metabolites that ultimately serve as the energy sources 
and carbon for various biosynthetic processes [28]. Stable 
isotope tracing analysis in the current study showed that 
the increased utilization of glutamine following NLRP3 
inflammasome activation in microglia is correlated with 
an increased flux of glutamine-glutamate-α-KG into the 
TCA cycle and amino acid synthesis. During this anaple-
rotic process, both oxidative metabolism and reductive 
carboxylation of glutamine are enhanced, with oxida-
tive metabolism serving as the dominant pathway. Fur-
thermore, our results indicate that microglia produce 
relatively high concentrations of aspartate and other glu-
tamine-derived amino acids.

In order to further investigate the relationship between 
glutamine metabolism and NLRP3 inflammasomes, a 
GLS1 inhibitor and siRNA targeting GLS1 were sepa-
rately used to suppress glutamine metabolism in microg-
lia. GLS is encoded by two isoenzymes, namely renal 
glutaminase (KGA/GAC, encoded by Gls1) and hepatic 
glutaminase (LGA/GAB, encoded by Gls2) [48]. Previ-
ous studies have shown that KGA/GAC is predominantly 
expressed in the brain, while LGA/GAB expression is 
negligible and therefore can be ignored [49, 50]. We 

Fig. 7 Reduced glutamine metabolism enhances mitophagy via AMPK/mTORC1 signaling in microglia of APP/PS1 mice. (A) WB analysis and quantifica-
tion of proteins p62, LC3II, raptor and p-AMPK in microglia from 8-month-old female WT mice (gray lines and bars) or APP/PS1 mice in the presence (green 
lines and bars) or absence (red lines and bars) of CB-839 (n = 3). n represents the number of biological replicates. Data are presented as the mean ± SEM. 
Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001
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used the KGA/GAC small molecule inhibitor, BPTES, 
and GLS1-siRNA to knock down KGA/GAC expression 
to down-regulate GLS1 activity in microglia. As a result, 
we found that secretion of mature caspase-1 and IL-1β 
decreases under inhibition of intracellular GLS1 after 
activation of NLRP3 inflammasomes in microglia. In vivo 
experiments of APP/PS1 mice also demonstrated that 
administration of the GLS1 inhibitor CB-839 can reduce 
the activity of NLRP3 inflammasomes and activation of 
microglia in the brain. Collectively, these findings sup-
port a central role for glutamine metabolism in modulat-
ing microglial inflammatory response.

The findings in this work demonstrate that inhibiting 
glutamine metabolism in NLRP3 inflammasome-acti-
vated microglia can promote mitophagy through regula-
tion of the AMPK/mTORC1 signaling pathway to clear 
damaged mitochondria, and thereby reduce intracellular 
ROS production, ultimately inhibiting NLRP3 inflamma-
some activity (Fig.  8). It is well known that when mito-
chondria cannot adapt to nutritional stress caused by 
metabolic changes, and that mitophagy will occur to 
clear them to maintain stable mitochondrial function 
under nutrient deficient conditions [51, 52]. This study 
shows that microglia adjust their metabolism to adapt to 
nutritional needs by enhancing glutamine metabolism 

Fig. 8 Graphical abstract of this study
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to synthesize a variety of TCA cycle intermediates and 
amino acids required for phenotypic functional changes 
during NLRP3 inflammasome activation. Inhibiting 
GLS1 expression blocks glutamine metabolism, result-
ing in severe nutrient deficiency in mitochondria, which 
consequently triggers mitophagy via AMPK/mTORC1 to 
provide energy for cellular metabolism.

Other studies have shown that mitochondrial dysfunc-
tion is linked to various abnormalities of the immune 
system [53, 54]. Specifically, in cells with defects in 
mitophagy, damaged mitochondria accumulate, increas-
ing production of mtROS accompanied by the release 
of intracellular debris, such as mtDNA, into the cyto-
plasm, which then act as danger signals that can trigger 
an immune response [55, 56]. Consistent with that sce-
nario, Zhong et al. found that the impaired mitophagic 
function in macrophages leads to aberrant accumulation 
of mtDNA and mtROS, followed by activation of NLRP3 
inflammasomes which then induce an inflammatory sig-
nal cascade, whereas enhanced mitophagy blocks inflam-
masome activation [13, 57]. Although the relationship 
between mitophagy and NLRP3 inflammasomes has been 
confirmed, the specific regulatory mechanism responsi-
ble for this series of interactions are still unknown in AD-
related neuroinflammation. The results described here 
bridge this gap in knowledge and illustrate how enhanced 
mitophagy during the microglial inflammatory response 
to AD is insufficient to alleviate release of ROS caused 
by extensive mitochondrial damage. Inhibition of gluta-
mine metabolism can enhance the induction of mitoph-
agy to reduce intracellular ROS and inhibit the activation 
of NLRP3 inflammasomes, thus supporting glutamine 
metabolism in microglia as a promising therapeutic tar-
get in AD.
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