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Abstract
The aging of the central nervous system(CNS) is a primary contributor to neurodegenerative diseases in older 
individuals and significantly impacts their quality of life. Neuroinflammation, characterized by activation of 
microglia(MG) and release of cytokines, is closely associated with the onset of these neurodegenerative diseases. 
The activated status of MG is modulated by specifically programmed metabolic changes under various conditions. 
Succinylation, a novel post-translational modification(PTM) mainly involved in regulating mitochondrial energy 
metabolism pathways, remains unknown in its role in MG activation and aging. In the present study, we found 
that succinylation levels were significantly increased both during aging and upon lipopolysaccharide-induced(LPS-
induced) MG activation undergoing metabolic reprogramming. Up-regulated succinylation induced by sirtuin 
5 knockdown(Sirt5 KD) in microglial cell line BV2 resulted in significant up-regulation of aging-related genes, 
accompanied by impaired mitochondrial adaptability and a shift towards glycolysis as a major metabolic pathway. 
Furthermore, after LPS treatment, Sirt5 KD BV2 cells exhibited increased generation of reactive oxygen species(ROS), 
accumulation of lipid droplets, and elevated levels of lipid peroxidation. By employing immunoprecipitation, 
introducing point mutation to critical succinylation sites, and conducting enzyme activity assays for succinate 
dehydrogenase(SDH) and trifunctional enzyme subunit alpha(ECHA), we demonstrated that succinylation plays 
a regulatory role in modulating the activities of these mitochondrial enzymes. Finally, down-regulation the 
succinylation levels achieved through administration of succinyl phosphonate(SP) led to amelioration of MG 
senescence in vitro and neuroinflammation in vivo. To our knowledge, our data provide preliminary evidence 
indicating that up-regulated succinylation modifications elicit a senescence phenotype in MG through alterations 
in energy metabolism. Moreover, these findings suggest that manipulation of succinylation levels may offer 
valuable insights into the treatment of aging-related neuroinflammation.

Up-regulated succinylation modifications 
induce a senescence phenotype in microglia 
by altering mitochondrial energy metabolism
Xinnan Zhao1, Xiaohan Yang1,2, Cong Du1, Huimin Hao1, Shuang Liu1, Gang Liu1, Guangyin Zhang1, Kai Fan1 and 
Jianmei Ma1,3*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-024-03284-4&domain=pdf&date_stamp=2024-11-12


Page 2 of 21Zhao et al. Journal of Neuroinflammation          (2024) 21:296 

Introduction
Epidemiological studies indicate a significantly higher 
incidence rate of neurodegenerative diseases among indi-
viduals over 65 years old, which has a profound impact 
on the health and daily life of elderly [1]. Aging related 
neuroinflammation, characterized by glial cell activation 
and increased production of pro-inflammatory cytokines 
in the central nervous system(CNS), is the frequent phe-
nomenon closely associated with neurodegenerative dis-
eases such as Alzheimer’s disease(AD) and Parkinson’s 
disease(PD) [2, 3]. Microglia(MG), the resident immune 
cells of CNS, play a crucial role in maintaining homeosta-
sis of microenvironment, immune surveillance, synapse 
pruning and regulation of neuronal excitability [4, 5]. MG 
in the aging brain and neurodegenerative diseases can 
not only directly produce pro-inflammatory cytokines 
but also release various chemokines to promote periph-
eral circulating T lymphocytes and macrophages to enter 
the CNS through incomplete blood-brain barrier(BBB) 

[6, 7]. Thus, the activation of MG and continuous release 
of pro-inflammatory cytokines form a positive feedback 
loop, mediating long-term inflammatory responses asso-
ciated with aging and diseases. Furthermore, by devel-
opment of single-cell transcriptome studies, several 
distinct MG subpopulations such as lipid-droplet-accu-
mulating MG(LDAM) and disease-associated MG(DAM) 
are identified. These subpopulations exhibit weakened 
phagocytic clearance ability and a decline in immune 
surveillance function. Conversely, they demonstrate a 
strong inflammatory response by releasing reactive oxy-
gen species(ROS) and inflammatory factors, which pro-
mote aging brain neuron damage and neurodegenerative 
diseases [8–10].

MG can express key genes involved in multiple energy 
substrate metabolism pathways and flexibly regulate 
immune metabolism pathways to meet the diverse cel-
lular energy needs of different microenvironments [11, 
12]. Modulating MG’s metabolic mode may alter its 
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immune function, potentially impacting the develop-
ment and outcomes of diseases. It is well known that 
MG has two major functional phenotypes: the pro-
inflammatory type, which is regarded as the neurotoxic 
phenotype, and the anti-inflammatory and neuropro-
tective type. Studies have demonstrated that changes in 
metabolic modes are related to the activation pheno-
type of MG. When exposed to pro-inflammatory media, 
MG can switch its energy metabolism mode from oxi-
dative phosphorylation(OXPHOS) to glycolysis [12]. 
For instance, treatment of primary MG(PriMG) and 
microglial cell line BV2 with lipopolysaccharide(LPS) 
significantly increases cellular lactic acid(LA) level while 
decreasing adenosine triphosphate(ATP) production [13, 
14]. Additionally, some studies have found that exces-
sive division of MG mitochondria negatively regulates 
their respiratory function and OXPHOS level after LPS 
stimulation. The changes in energy metabolism mode 
related to the pro-inflammatory phenotype, similar to 
the Warburg effect observed in tumor cells, suggest an 
enhancement of glycolysis activity [15, 16]. In the anti-
inflammatory activated status, research has revealed that 
it mainly enhances the OXPHOS level of cell mitochon-
dria and fatty acid oxidation(FAO) as the predominant 
mode of energy metabolism [17, 18]. Within this series of 
regulation processes governing energy metabolism mode, 
mitochondria serve as the central hub connecting cellular 
energy metabolism with MG activated status.

Post-translational modifications(PTMs) play a crucial 
role in regulating protein functions, molecular interac-
tions, and localization, all of which are associated with 
physiological and pathological processes [19]. Common 
types of modifications include acylation modifications 
such as acetylation, malonylation, succinylation, glutary-
lation, and palmitoylation [20–23]. The modifier groups 
of these acylation modifications all originate from inter-
mediate products in cell energy metabolism, such as 
malonyl-CoA, glutaryl-CoA, and succinyl-CoA(SCoA), 
thereby closely linking these modifications to mito-
chondrial energy metabolism [24]. Among them, suc-
cinylation, a relatively recently discovered novel PTM, 
involves the modification of protein lysine groups by 
metabolically derived SCoA [25]. Succinylation of lysine 
induces more substantial alterations in a protein’s chemi-
cal properties compared to methylation and acetylation, 
both of which are crucial post-translational modifications 
(PTMs) with essential cellular functions. At physiologi-
cal pH (7.4), succinylation alters the charge of a lysine 
residue from + 1 to − 1, acetylation changes from + 1 to 
0, and monomethylation does not change it at all. Addi-
tionally, succinylation introduces a larger structural moi-
ety (100.0186 Da mass shift) than acetylation (42 Da) or 
methylation (14 Da), leading to more pronounced altera-
tions in protein structure and function [21]. Succinylation 

has been reported to be positively correlated with aging-
related diseases such as premature ovarian failure and 
osteoporosis in menopausal women, suggesting that suc-
cinylation may be involved in the body’s aging changes 
[26, 27]. The balance between succinylation and desuc-
cinylation is maintained by the levels or the activities of 
modification writers and the erasers [28]. Succinylation 
is reported to occur spontaneously, which correlates with 
the SCoA concentration in the mitochondria. Sirtuin 
5(Sirt5) is the only reported desuccinylase in all cell com-
partments but mostly localizes to the mitochondria. As 
a member of NAD + dependent lysine deacetylases, Sirt5 
has been reported to play a crucial role in the aging pro-
cess [29]. However, the effects of protein succinylation on 
MG activation and aging remain unknown.

In the present study, we used in vivo and in vitro aging 
models to detect levels of brain and cellular mitochon-
drial succinylation, as well as the cellular energy metab-
olism mode. We also revealed the effects of protein 
succinylation on MG energy metabolism and activation 
in CNS aging. Our findings provide a new direction for 
researching the mechanism of aging-related neuroin-
flammation and the intervening in CNS aging from the 
perspective of protein succinylation.

Materials and methods
Animals
Aged(17–20 months old) and young(2–4 months old) 
C57BL/6J male wildtype(WT) mice were obtained from 
Dalian Medical University. All mice were group housed 
at 22 ℃ on a 12-hour light /12-hour dark cycle with free 
access to food and water. All procedures were in accor-
dance with the Dalian Medical University guidelines for 
the proper care and use of laboratory animals and were 
approved by the Laboratory Animal Care and Use Com-
mittee of Dalian Medical University.

LPS injections
2 to 4-month-old male WT mice were injected with 
LPS(from E. coli, Sigma), intraperitoneal injection(ip.) 
1  mg LPS /kg body weight. Control mice were injected 
with body weight corresponding volumes of saline. 24 h 
after the LPS injection, mice were euthanized, and the 
brains were extracted and were processed for the follow-
ing experiments. In the succinyl phosphonate(SP) admin-
istration experiment, mice were injected with LPS 24  h 
after the intracerebroventricular(icv.) injection of SP.

Intracerebroventricular (icv.) Injection
Mice were anesthetized with tribromoethanol and fixed 
to a stereotaxic apparatus(Stoelting Company, USA) and 
received right-unilateral injection of SP(1  mg/kg body 
weight) in a volume of 2 µL. The following coordinates 
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were used for central injection: 0.4 mm posterior, 1.0 mm 
right lateral, and 2.2 mm dorsoventral to bregma.

Perfusion and tissue preparation
Mice were anesthetized with tribromoethanol and per-
fused with 4% paraformaldehyde(PFA) solution(for cryo-
genic section) or cold PBS(for mitochondria isolation, 
protein and RNA extraction). For the cryogenic section, 
the brains were extracted, fixed in 4% PFA for 24 h, then 
cryoprotected in 20% sucrose solution for further proce-
dures. For protein and RNA extraction, brains were per-
fused with cold PBS, tissues were collected according to 
different brain regions, then keep in the − 80 ℃ freezer 
for further experiments.

Immunohistochemical(IHC) staining
The brains were removed and post-fixed overnight, then 
cryoprotected in 20% sucrose solution, embedded in opti-
mal cutting temperature(OCT) compound(McCormick 
Scientific, St. Louis, MO, USA), and serial 16  μm sagit-
tal sections were made with a cryostat(Leica CM 3050 S, 
Leica Microsystems AG, Wetzlar, Germany). IHC stain-
ing was performed as described previously [30]. The pri-
mary antibodies rabbit anti-Iba-1(Wako, Japan 1:500) 
and biotin-labeled secondary antibody(Vector Labora-
tories Inc., USA) were used. Images were captured using 
the Nikon digital camera system(DS-Fi1) in combination 
with microscopy(Nikon eclipse 80i).

Primary culture of MG
C57BL/6J mice at postnatal 48  h were used to pre-
pare PriMG. Brain tissues were quickly removed, and 
the meninges were carefully stripped in ice-cold Dul-
becco’s Modified Eagle Medium(DMEM, Gibico). The 
tissues were then gently pipetted to generate single 
cells with DMEM followed by plating on poly-L-lysine-
coated flasks. The culture medium was changed to fresh 
medium containing 10% FBS on day 3 and 10. After 14 
days, PriMGs were collected from the mixed glial culture 
by shaking the flasks(250 rpm) for 4 h. The collected cells 
were seeded in the cultured plates and maintained at 37 
℃ with 5% CO2.

BV2 cell culture and transfection
The mouse microglial cell line BV2 was cultured 
in DMEM containing 10% FBS and 1% penicillin/
streptomycin(Hyclone). Cells were maintained in the 
incubator at 37℃ with 5% CO2. Cells were plated at a 
density of 1 × 105/well in a six-well plate or 4 × 105 in 
60-mm dishes 18  h before transfection. Transfection 
was performed using Lipofectamine 3000 transfection 
reagent(Thermo Fisher) and follow the manufacturer’s 
instruction.

Generation of Sirt5 stable knockdown(KD) cell lines
BV2 cell line was maintained in DMEM supplemented 
with 10% FBS and 1% penicillin/streptomycin(Hyclone) 
at 37  °C with 5% CO2. To establish the stable Sirt5 KD 
BV2 cell line, two sgRNAs targeting the coding region 
of mouse Sirt5 gene and non-coding(NC) sgRNA as NC 
control were synthesized and employed to construct len-
tivirus recombinant vector(Genechem Co Ltd, China). 
BV2 cells were divided into control, NC transfection and 
Sirt5 KD transfection groups. Prior to transfection, cells 
were planted in 24-well plates and allowed to develop 
to 90% confluence. Polybrene(5  µg/mL) was added to 
improve transfection efficiency. To obtain stable infected 
cells and avoid the stimulation of traditional purino-
mycin purification of BV2 cells, fluorescence-activated 
cell sorting(FACS) was carried out to sort the enhanced 
green fluorescent protein(EGFP) positive cells. Cells were 
collected for subsequent experiments.

Isolation of mitochondria
Mitochondria from mouse hippocampus, primary 
microglia and BV2 cells were isolated using Minute™ 
mitochondria isolation kit(MP-007, Invent Biotechnolo-
gies) according to the manufacturer’s instructions. The 
isolated mitochondria samples were then kept in Minute™ 
denatured or non-denatured protein solution and then 
stored at -80 ℃ for western blot analyses.

Immunoprecipitation(IP) and Western blot(WB)
Cell and tissue samples were lysed in RIPA lysis 
buffer(KeyGEN, China) containing protease 
inhibitors(PMSF; Biosharp, China) and phosphatase 
inhibitor cocktail(Med Chem Express, China) on ice for 
30 min and centrifuged for 15 min at 16,000 ×g. The con-
centrations of proteins were determined with BCA Pro-
tein Assay Kit(KeyGEN, China). For the IP experiment, 
the samples(1 mg) were incubated with anti-SDHA(4 µg) 
and anti-ECHA(4  µg) or anti-IgG antibody and protein 
A/G-agarose overnight at 4 °C. After washing, the bound 
proteins were eluted from the beads by boiling in sample 
buffer and subjected to WB analysis.

For Wb analysis, samples were separated by 5–20% 
polyacrylamide gels(KeyGEN, China), then transferred 
to a nitrocellulose membrane(NC; Pall Corporation, 
Mexico). The blots were blocked in 5% BSA(Gentihold, 
China) for one hour at room temperature(RT), and incu-
bated with primary antibodies overnight at 4  °C. Then 
incubated with fluorescence labeling secondary anti-
body(1:15000; LI-COR, USA) for one hour at RT. The 
bands analyzed and quantified using an Odyssey CLx 
Imager and Image Studio software(LI-COR, USA). Pon-
ceau S staining of the protein after blotting was used for 
normalization(listed in the supplementary Fig.  1). The 
range of the WB measurement of succinylation is from 
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10 KD to 100 KD, and the range of each gel has been 
marked on the figure in supplementary Fig.  1. The pri-
mary antibodies used in assays were listed in the supple-
mentary table.

Quantitative real-time PCR(qPCR)
Total cellular RNA was extracted using Trizol 
reagent(Thermo Fisher Scientific, USA) according to the 
manufacturer’s protocol. The concentration of RNA was 
quantified by ultraviolet spectrophotometry at 260/280 
nm(Nanodrop 2000, Thermo scientific, USA). The Script 
First-Strand c-DNA Synthesis SuperMix Kit(Takara, 
Japan) was used to transcribe cDNA. PCR was per-
formed on a Mx3000P(Agilent, USA) quantitative real-
time detection system with corresponding primers and 
SYBR green PCR master mix(Takara, Japan). The tar-
get gene expression was calculated as 2 − ΔΔCt method. 
Forty cycles of PCR amplification were performed as fol-
lows: denature at 95 °C for 30 s, anneal at 55 °C for 30 s, 
and extend for 30 s at 72 °C. All primers were synthesized 
by Invitrogen, the primers were listed in the supplemen-
tary table.

Measurement of ATP and LA level
The whole lysate and mitochondrial protein of cul-
tured cell line were collected. All samples were imme-
diately stored at − 80  °C until assay. The assay was 
performed according to ELISA Kit protocols of ATP, and 
LA(ENOVA, China). Cytation 5(BioTek, USA) was used 
to measure absorbance at 450 nm.

Seahorse extracellular flux assays
Seahorse XF Glycolytic rate assay kit, Seahorse XF Cell 
Mito Stress Test Kit, Seahorse XF real-time ATP produc-
tion rate kit and the Seahorse Extracellular Flux(XF96) 
Analyzer was used to analyze cell bioenergetics. BV2 
cells(3 × 105 cells/well) were seeded on Seahorse cell cul-
ture microplates and incubated in DMEM. After LPS 
treatments, ECAR and OCR were measured according 
to the manufacturer’s protocol. For the glycolytic rate 
assay, Rotenone plus Antimycin A(Rot/AA, 5 µM) and 
2-deoxy-D-glucose(2-DG; 500 mM) were prepared in 
glycolytic flux assay media and similarly loaded into the 
appropriate ports. For the mito stress test, oligomycin(15 
µM), FCCP(2 µM), and Rot/AA(5 µM) were loaded into 
the appropriate ports for sequential delivery. For the real-
time ATP production test, oligomycin(15 µM) and Rot/
AA(5 µM) were loaded into the appropriate ports. Fol-
lowing calibration, OCR and ECAR were measured every 
3 min for 84 min, and the appropriate compounds were 
injected sequentially. ECAR and OCR were automatically 
calculated using the Wave software(Agilent Technolo-
gies, USA), and three replicates were assessed for each 

separate sample. Data normalization was performed by 
Cytation 5(BioTek, USA).

MitoSox assay
The stock solution(5 mM) of MitoSox was prepared 
by dissolving the contents of the vial in 13 µL DMSO. 
To make the working solution(500 nM), add 5 µL of 5 
mM stock solution to 50 mL of HBSS with Ca2+ and 
Mg2+. Cells were incubated with the working solution 
for 30  min at 37 ℃ and 5% CO2. Cells were analyzed 
by flowcytometry(FC) or fluorescence microscopy, and 
three replicates(three different passages of the cell) were 
assessed for each separate sample. The MitoSox Ex/Em at 
396/610 nm and was detected at 488/594 nm.

Nile red assay
Stock solution of Nile red(10  µg/ mL) in acetone were 
prepared and stored protected from light. The dye was 
then added directly to the preparation to affect a 1:100 
dilution and incubated with cell for 30  min protected 
from light. Then analysis immediately by FC(561/579 
nm) or fluorescence microscopy (594  nm), and three 
replicates(three different passages of the cell) were 
assessed for each separate sample.

Mito red tracker assay
The stock solution of Mito Red Tracker was prepared by 
dissolving the contents of the vial in 20 µL DMSO. Col-
lected approximately 1 × 106 cells in suspension to each 
flow cytometry tube. Cells were resuspended in 1mL PBS 
and Mito Red tracker dye was added 1 µL/tube. Cells 
were incubated at 37 ℃ and 5% CO2 for 30 min protected 
from light. Cells were then analyzed by FC at 561/640 nm 
with three replicates(three different passages of the cell) 
were assessed for each separate sample.

Activity assay of succinate dehydrogenase complex(SDH)
The cell mitochondrial protein was subjected to SDH 
enzyme activity test. According to the manufacturer 
protocol, the working solution was put into the incuba-
tor at 37℃ to preheating for 10 min. Add 180 µL work-
ing solution and 10 µL sample solution to the well and 
mix fully. In control group, add 180 µL working solution 
and 10 µL water to the well. Measure the absorbance 
value(595 nm) at the beginning and 1 min later, respec-
tively. Calculate SDH enzymatic activity according to the 
kit instruction(Solarbio Technology Co., China).

Activity assay of trifunctional enzyme subunit alpha(ECHA)
The ECHA activity was detected as previously described 
[31]. The reaction mixture contained 100 mM Tris-
HCL(pH 9.0), 100 mM KCL, 100  µg/ mL BSA, 120 µM 
NAD+, and 30 µM DL-3-Hydroxybutyryl coenzyme A as 
the substrate. The activity was measured by monitoring 
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the formation of NADH at 340 nm for 10 min by Cyta-
tion 5(BioTek, USA).

Untargeted metabolomics
Culture medium was removed from cultured BV2 cells. 
Then the cells were washed with PBS under 37 ℃ and 
the PBS was removed. 800 µL of cold methanol(Fisher, 
USA)/ acetonitrile(Merck, USA) (1:1, v/v) to remove 
the protein and extract the metabolites. The mixture 
was collected into a new centrifuge tube and centri-
fuged at 14,000 ×g for 20 min to collect the supernatant. 
The supernatant was dried in a vacuum centrifuge. For 
LC-MS analysis, the samples were redissolved in 100 µL 
acetonitrile/ water(1:1, v/v) solvent and centrifuged at 
14,000 ×g at 4 ℃ for 15  min, then the supernatant was 
injected. The further LC-MS/MS analysis was performed 
using an UHPLC(1290 Infinity LC, Agilent Technologies) 
coupled to a quadrupole time-od-flight(AB Sciex Triple-
TOF 6600) in Shanghai Applied Protein Technology 
Co., Ltd. The raw MS data were converted to MzXML 
files using ProteoWizard MSConvert before importing 
into freely available XCMS software. For peak picking, 
the following parameters were used: centWave m/z = 10 
ppm, peakwidth = c(10, 60), prefilter = c(10, 100). For peak 
grouping, bw = 5, mzwid = 0.025, minfrac = 0.5 were used. 
CAMERA(Collection of Algorithms of MEtabolite pRo-
file Annotation) was sued for annotation of isotopes and 
adducts. In the extracted ion features, only the variables 
having more than 50% of the nonzero measurement val-
ues in at least one group were kept. Compound identi-
fication of metabolites was performed by comparing of 
accuracy m/z value (< 10 ppm), and MS/MS spectra with 
an in-house database established with available authentic 
standards.

Statistical analysis
All data results were expressed as the mean ± standard 
error of the mean(SEM). All data were analyzed using 
GraphPad Prism 9.0 software. Differences among the 
groups were evaluated using one-way analysis of vari-
ance, followed by Tukey’s honest significance test. Paired 
student’s t test was used to compare the differences 
between two groups. The P values < 0.05 were considered 
to be significant.

For the untargeted metabolomic data analysis, after 
sum-normalization, the processed data was analyzed by 
R package (ropls), where it was subjected to multivariate 
data analysis, including orthogonal partial least-squares 
discriminant analysis(OPLS-DA). The 7-fold cross-val-
idation and response permutation testing were used to 
evaluate the robustness of the model. The variable impor-
tance in the projection(VIP) value of each variable in the 
OPLS-DA model was calculated to indicate its contribu-
tion to the classification. Student’s T test was applied to 

determine the significance of differences between two 
groups of independent samples. VIP > 1 and p value < 0.05 
were used to screen significantly changed metabolites. 
Pearson’s correlation analysis was performed to deter-
mine the correlation between two variables.

Results
Succinylation level was increased in aging or activated 
MGs combined by metabolic reprogramming
To investigate the changes of succinylation modifi-
cation during aging, we collected hippocampus tis-
sues from six young(4 months) and nine aged(from 17 
months to 20 months) male mice brains for the further 
experiments(Fig.  1A). First, the level of succinylation in 
the mitochondria proteins of the hippocampus tissues 
was compared by WB, as succinylation is particularly 
abundant in mitochondrial metabolic pathways [28]. 
The results showed that the succinylation level was sig-
nificantly increased in aged mice(Fig.  1Ba). Next, total 
RNA was exacted from hippocampus and qPCR analysis 
was performed to detect the expression of pro-inflam-
matory cytokines. The result showed that tumor necro-
sis factor alpha(Tnf-α) was significantly increased in the 
aged mice compared to young mice(Fig. 1Bb). While the 
level of interleukin-1beta(Il-1β) expression showed an 
upward trend and the Il-6 expression showed no differ-
ence between the young and old mice(Fig. S2B). Simul-
taneously, “rod-shaped”(with enlarged cell body and 
polarized processes) and “dystrophic”(enlarged cell 
body and retracted processes) MGs with were detected 
in cortex and hippocampus of aged mice by Iba-1 IHC 
staining(Fig.  1C and S2A). These results indicate that 
as increasing neuroinflammation in the aging brain, the 
level of succinylation in mitochondria is elevated.

Since dystrophic MGs and elevated mitochondrial 
succinylation were found in aging brain, we won-
dered whether mitochondrial succinylation occurs 
in aging MGs. Therefore, we used 21-day cultured 
PriMGs(Fig. 1Da) (which has been previously described 
as an in vitro model of aged PriMG) [32], and BV2 cells 
treated with Etoposide(VP16) to mimic nature aging 
and DNA damage-induced aging of MGs [33]. After the 
long-term culture, the 21-day PriMGs exhibited more 
significant senescence than those cells cultured for 3-day, 
as evidenced by increased expression of cyclin depen-
dent kinase inhibitor 2 A(Cdkn2a, p16) along with DNA 
damage(Fig. 1Db). Furthermore, a cluster of genes corre-
lated with DAM, which were also discovered recently in 
the aging MGs, such as tyrosine-protein kinase receptor 
UFO(Axl) and triggering receptor expressed on myeloid 
cells 2(Trem2), were significantly increased in 21-day 
PriMGs, verifying their aging status(Fig.  1Db) [34]. 
Interestingly, the succinylation level in the mitochon-
dria of 21-day PriMGs was also significantly increased 
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Fig. 1 (See legend on next page.)
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compared to those 3-day cultured cells(Fig. 1Dc). As the 
DNA damage induced aging model, VP16 was adminis-
tered to the BV2 cells for 7 days. After that, the expres-
sion of chemokine(C-C motif ) ligand 5(Ccl5) and Ccl24, 
which are genes associated with the senescence-associ-
ated secretory phenotype(SASP), was demonstrated sig-
nificantly increased compared to control cells(Fig.  1Ea) 
[35]. Additionally, p16 was also increased after the 
treatment(Fig.  1Ea). Furthermore, the expression of 
specific aging-related genes that have been recently 
reported, such as HLA-DR antigens-associated invariant 
chain(Cd74), S100 calcium-binding protein A8(S100a8) 
and apolipoprotein E(Apoe), were upregulated in the 
VP16-treated cells(Fig.  1Ea). Additionally, we observed 
an increase in the number of senescence-associated 
β-galactosidase(SA-β-Gal)-positive BV2 cells following 
the VP16 treatment(Fig. S2B). Similar to PriMGs, the 
succinylation level in the mitochondria of BV2 cells also 
significantly elevated after VP16 treatment(Fig.  1Eb). 
These findings demonstrate that the succinylation level is 
elevated in the aging MGs.

Chronic inflammation, a defining characteristic of 
aging brain, is closely linked with aged MGs [36]. To 
know the succinylation state in the brain during inflam-
mation, we established in vivo and in vitro neuroinflam-
mation models by LPS administration. After 24  h of 
LPS ip. treatment(1  mg/kg), the level of mitochondrial 
proteins succinylation in hippocampus was nearly three 
times higher than that in control mice(Fig.  1F). Consis-
tent with our in vivo experiments, we also found a signifi-
cant increase in succinylation levels within mitochondria 
after treating both PriMGs and BV2 cells with LPS for 
24  h(Fig.  1Ga and Gb). Meanwhile, SCoA levels, which 
serve as a source of protein succinylation [37], were more 
than three times higher in LPS-treated BV2 cells com-
pared to control cells(Fig.  1Gc). These results indicate 
that the succinylation level is increased in the inflamed 
brain and the activated MGs.

Given that the status of immune cells is reflected in 
their cellular metabolism, and succinylation modification 
has been reported to mainly occur in the mitochondria 
which was associated with energy metabolism [28, 38], 

the real-time cell metabolic analysis was performed by 
using Seahorse XFe96 analyzer, including glycolytic rate 
and ATP production rate in BV2 cells with or without 
LPS treatment(Fig. 1H). The results showed that the nor-
malized ECAR and PER were significantly elevated in LPS 
treated cells than that in control cells(Fig.  1Ia), and the 
basal proton efflux rate(basal PER), basal glycolysis(glyco. 
PER) and the compensate glycolysis(Comp. Glyco.) also 
increased significantly(Fig.  1Ib). These results indicate 
an aggressive shift toward glycolytic metabolism dur-
ing MG activation. Furthermore, by real-time ATP rate 
assay, ATP index(the ratio of oxidative phosphorylation 
ATP(OXPHOS) and glycoATP(Glyco.)) was calculated 
in both control and LPS-treated BV2 cells. The results 
showed that the ATP index, as shown in Fig.  1J, was 
above 1.5 and nearly 2.0 in control cells, suggesting that 
OXPHOS is the main cellular energy production manner 
in untreated cells. However, the ATP index was signifi-
cantly reduced in LPS-treated cells, suggesting the energy 
metabolic mode changed from OXPHOS to glycolysis 
when BV2 cells were in activated status(Fig. 1J). Further-
more, we measured the intracellular concentration of 
ATP and LA. We found that the ATP concentration of 
LPS-treated cells was significantly reduced, accompanied 
by an increased LA concentration compared to control 
cells(Fig. 1K). These results indicate the metabolic repro-
gramming occurs during MG activation.

Upregulated succinylation induced by Sirt5 KD results in 
MG senescence phenotype accompanied by alterations in 
energy metabolism
To gain deeper insight into the relationship between suc-
cinylation modification and MG senescence, lentivirus 
mediated transfection of a CRISP-Cas9 KD system was 
employed to introduce two different Sirt5 sgRNAs(LV-68 
and 70), as well as a noncoding sgRNA(LV-NC) (Fig. 2A). 
This approach aimed to generate a stable Sirt5 KD BV2 
cell line for manipulating the succinylation state because 
Sirt5 is considered as the unique enzyme in mitochon-
dria that regulates succinylation [29]. In the experimen-
tal procedure depicted in Fig. 2A, transfected cells were 
assessed by FC, and EGFP-positive cells were sorted 

(See figure on previous page.)
Fig. 1  Succinylation level was increased in aging or activated MGs acompanied by metabolic reprogramming. (A) Schematic experimental workflow for 
the identification of succinylation level, MG activated status, neuroinflammation level in the aging mice. (B) Succinylation level and neuroinflammation 
level of the aging mice.(young: n = 3 and aging n = 6); (a) Succinylation level between the young and aging mice confirmed by WB; (b) Proinflammatory 
cytokine Tnf-α transcription level evaluated by qPCR. C. MG activation states in the cortex (×20) and inset (×40) confirmed by IHC. Bar = 500 μm(×20) 
and 100 μm(×40). D. Succinylation level and aging-related genes in the long-term culture PriMG aging model; (a) Schematic of the long-term culture 
model; (b) Aging-related genes detected by qPCR; (c) Succinylation level between 3-day and 21-day cultured PriMG confirmed by WB. E. Succinylation 
level and aging-related genes in the VP16 induced MG aging model; (a) Aging-related genes detected by qPCR; (b) Succinylation level between CTL 
and VP16 treated groups confirmed by WB. F. Succinylation level in the mitochondrial lysate of hippocampus between CTL and LPS treated mice in the 
ip. treatment model. G. Succinylation level and SCoA concentration in the LPS treated PriMG and BV2 cells; (a) Succinylation level between CTL and LPS 
treated PriMGs confirmed by WB; (b) Succinylation level between CTL and LPS treated BV2 cells confirmed by WB; (c) The concentration of SCoA in cellular 
total lysate detected by colorimetric method. H. Schematic of the metabolic profile detected by Seahorse XF96 analyzer. I. The glycolytic rate changes 
following LPS treatment detected by the glycolytic rate assays. J. The ATP production rate changes following LPS treatment detected by the real-time ATP 
production rate assays. K. The levels of ATP and LA in cellular total lysate detected by ELISA. n = 3/group, * P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.001
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and collected via FACS for subsequent experiments. 
To verify Sirt5 KD efficiency, WB analysis was per-
formed, and the result showed successful downregula-
tion of Sirt5 expression was achieved following LV-68 
and LV-70 transfection(Fig. 2B). We selected LV-70 Sirt5 
KD BV2 cells for the subsequent experiments. Consis-
tently, both the total lysate and the mitochondria lysate 
from these cells exhibited the significantly elevated lev-
els of succinylation(Fig.  2C). To investigate whether the 
upregulation of succinylation induced by Sirt5 KD con-
tributes to MG senesces, we subsequently examined 
specific genes associated with MG aging, including Axl, 
Ccl24, ferritin heavy chain 1(Fth1), and Ccl5(Fig.  2Da). 
The results exhibited that these aging-related genes were 
upregulated in Sirt5 KD BV2 cells, except for ccl5. Addi-
tionally, the expression of DAM-related genes C-type 
lectin domain family 7 member A(Clec7a) and Trem2 
was also elevated in the Sirt5 KD cells, resembling their 
expression patterns observed in aging MGs(Fig.  2Db). 
Besides changes in genes expression related to aging, 
both the proliferation rate and the cellular ATP level 
of the Sirt5 KD cells decreased compared to control 
cells(Fig.  2Ea, b). Overall, these findings suggest that 
hypersuccinylation induced by Sirt5 KD closely resem-
bles the characteristics of aging MGs.

Furthermore, we performed real-time cell metabolic 
analysis including mitochondrial stress, glycolytic rate, 
and ATP production rate, to determine the metabolic 
profile of Sirt5 KD BV2 cells. First, for the mitochondrial 
stress test, the cell OCR was measured using Seahorse 
XFe96 analyzer. The results showed that under basal 
conditions(Basal resp.), the normalized OCR(Norm. 
OCR) of Sirt5 KD cells was slightly higher than that of 
control cells. However, after treatment with inhibitors 
including oligomycin(Oligo), FCCP, rotenone(Rot) and 
antimycin A(AA), there was no significant difference in 
OCR level between Sirt5 KD and control cells(Fig. 2Fa). 
Furthermore, we found that Sirt5 KD cells exhibited a 
significantly reduced mitochondrial spare capacity(Spare 
Capa.) and a significantly increased proton leak level 
compared to the control cells(Fig.  2Fb), suggesting that 
elevated succinylation induced by Sirt5 KD decreased 
adaptability of mitochondria. Next, for the glycolysis rate 
assay, we observed significantly higher levels of ECAR and 
PER in Sirt5 KD cells compared to control cells(Fig. 2Ga). 
Simultaneously, the Basal PER Basal Glyco. and Comp. 
Glyco PER were also significantly higher in Sirt5 KD 
cells compared to control cells(Fig.  2Gb), suggesting an 
energy production shift towards glycolysis caused by 
elevated succinylation modification induced by Sirt5 KD. 
Thirdly, for ATP production rate assay, we measured the 
ratio of ATP production between OXPHOS and Glyco. 
The results indicated a slightly lower rate in Sirt5 KD 
cells compared to the control cells(Fig.  2H). However, 

glycoATP production was significantly increased in Sirt5 
KD cells(Fig.  2H). These data suggest that elevated suc-
cinylation modification induced by Sir5 KD leads to 
metabolic reprogramming with decreased OXPHOS and 
increased glycolysis level, as well as a weakening of mito-
chondrial adaptability.

Upregulated succinylation modification enhances 
inflammatory susceptibility of MGs accompanied by 
excessive ROS production and disturbed lipid metabolism
In the aforementioned results, Sirt5 KD BV2 cells exhib-
ited significantly elevated succinylation levels and dis-
played characteristics resembling those of aging MGs. 
Given this status, it is important to investigate how MGs 
react when they are subjected to an inflammatory attack, 
which is similar to elderly individuals suffering from 
inflammatory stimulation [39]. Therefore, we designed 
the experiment depicted in Fig.  3A, where we treated 
the control and Sirt5 KD BV2 cells with LPS respectively 
and compared them in terms of succinylation levels, 
metabolic function, ROS production, lipid accumulation, 
and activated status. The succinylation levels analyzed 
through WB of both total lysate and mitochondrial lysate 
after LPS treatment showed a significant increase and 
was more pronounced in Sirt5 KD cells(Fig. 3B). In terms 
of metabolic functions assessed through glycolytic rate 
and ATP production rate test, it is interesting to note that 
ECAR and PER did not exhibit a further increase in Sirt5 
KD cells after LPS treatment but were increased in the 
control cells after LPS treatment(Fig.  3C). However, the 
proportion of ATP produced by glycolysis was increased 
after LPS treatment in Sirt5 KD cells, accompanied by a 
significant decrease in ATP index(Fig. 3D). These results 
demonstrate that under inflammatory conditions, there is 
a significant shift toward glycolysis as the primary energy 
metabolic mode in Sirt5 KD BV2 cells.

Aging MGs are one of the primary sources of increased 
ROS levels in the aging brain, and excessive production 
of microglial ROS may contribute to aging-related CNS 
dysfunctions [40]. Therefore, the level of mitochondrion 
ROS(mtROS) was detected using MitoSOX staining, 
and the mean fluorescence intensity(MFI) was measured 
by FC. We found that the MitoSOX MFI level was sig-
nificantly elevated in Sirt5 KD cells(Fig. 3E), supporting 
previous results indicating an increase in proton leak in 
these cells(Fig.  2F). Additionally, following LPS treat-
ment, MitoSOX MFI was further increased in the Sirt5 
KD cells compared to control cells(Fig. 3E).

The MGs of aging mice and human brains were found 
to exhibit a striking accumulation of lipid droplets, 
known as LDAM. These MGs demonstrate prominent 
characteristics such as elevated levels of ROS produc-
tion and secretion of pro-inflammatory cytokines, which 
closely resemble the Sirt5 KD BV2 cells with upregulated 
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Fig. 2 (See legend on next page.)
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succinylation [8, 41]. Therefore, we detected the lipid 
droplets using Nile Red(NR) staining and the MFI was 
measured by FC in both control and Sirt5 KD BV2 cells. 
Surprisingly, the NR MFI of Sirt5 KD cells were signifi-
cantly higher compared to control cells(Fig.  3F). Fur-
thermore, following LPS treatment, the NR MFI level 
was significantly increased in both control cells and 
Sirt5 KD cells, with a higher level exhibited in Sirt5 KD 
cells(Fig. 3F). These results demonstrate that upregulated 
levels of succinylation increase the concentration of ROS 
and the accumulation of lipid droplets, which can be fur-
ther exacerbated under inflammatory conditions.

Lipid peroxidation leads to the generation of toxic 
lipid products, such as malondialdehyde(MDA) and 
4-hydroxy-2-nonenal(4-HNE), which contribute to neu-
rodegeneration and aging [42–44]. Therefore, we mea-
sured the concentration of MDA in BV2 cells with or 
without LPS treatment using a colorimetric method. Sur-
prisingly, the MDA level exhibited no change in the Sirt5 
KD cells without LPS-treatment. After LPS treatment, 
control cells showed a slight increase, while a significant 
increase was observed in the LPS-treated Sirt5 KD BV2 
cells(Fig.  3G). These results suggest that under inflam-
matory conditions, Sirt5 KD BV2 cells experience severe 
oxidative stress manifested by increased levels of lipid 
peroxidation.

Furthermore, the expression profile of different acti-
vated markers was determined by qPCR in control and 
Sirt5 KD cells with or without LPS treatment to assess 
the activated status of MGs. No significant difference 
was found between Sirt5 KD BV2 cells and control cells 
without any stimulation(Fig. 3H). However, a significant 
increase in expression of pro-inflammatory markers, 
including I1-1β, Il-6 and Tnf-α, were observed in LPS-
treated Sirt5 KD BV2 cells(Fig.  3H). The expressions of 
anti-inflammatory markers such as transforming growth 
factor beta(Tgf-β), arginase 1(Arg-1) and Il-4 had no sig-
nificant differences between control and Sirt5 KD BV2 
cells with or without LPS treatment (Fig. S2D). These 
findings suggest that elevated succinylation leads to 
improvement of inflammatory susceptibility of MGs.

To determine the effects of hypersuccinylation state 
on MG metabolism, we conducted untargeted metabo-
lomics in the control and Sirt5 KD BV2 cells(Fig.  3I). 
First, OPLS-DA models were established to investigate 

the distribution of metabolites. The generated OPLS-
DA model showed a distinct discrimination between 
the metabolic profiles of control and Sirt5 KD BV2 
cells (Fig.  3J), thereby indicating significant differences 
in metabolites. Through a detailed comparison, we 
observed an enrichment of long-chain saturated and 
unsaturated lipids(Pg 30:0, Pg 32:1, Pg 40:7, Pe 36:4, Pe 
38:5), as well as oxygenated lipid(pe(18:1/9-hode)), in 
the Sirt5 KD cells; conversely, there was a reduction 
in palmitic acid and oleic acid(Fig.  3K). It is also worth 
noting that a series of metabolites related to cholesterol 
metabolism, such as 7α-hydroxy-3-oxo-4-cholestenoic 
acid(7-HOCA) and isodeoxycholic acid were decreased 
significantly after Sirt5 KD(Fig.  3K). This may indicate 
that Sirt5 and succinylation play an important regulatory 
role in the regulation of microglial cholesterol metab-
olism-related pathways. Furthermore, we categorized 
the differential metabolites based on their superclass 
and quantified the number of up-regulated and down-
regulated metabolites. Specifically, there were 46 down-
regulated and 35 up-regulated differential metabolites. 
Among them, the most pronounced alterations were 
observed in lipids and lipid molecules, with 29 upregu-
lated and 15 downregulated(Fig. 3L). Apart from lipids, a 
significant downregulation was predominantly observed 
in organic acids and their derivatives, organic heterocy-
clic compounds, as well as nucleosides, nucleotides, and 
analogues(Fig. 3L). These findings suggest that lipids are 
primarily impacted, resulting in an accumulation of long-
chain lipids in Sirt5 KD BV2 cells.

To clarify the metabolic pathways predominantly 
affected in Sirt5 KD cells, we enriched the specific 
metabolites from various metabolic pathways. Our analy-
sis revealed that down-regulated metabolites were partic-
ularly enriched in the ‘Biosynthesis of unsaturated fatty 
acids’ and ‘Fatty acid biosynthesis’ pathways(Fig.  3M). 
Conversely, up-regulated metabolites showed signifi-
cant enrichment in the ‘Glycolysis/Gluconeogenesis’ and 
‘Glucagon signaling pathway‘(Fig.  3M). These findings 
corroborate previous results indicating perturbed lipid 
metabolism and heightened glycolytic activity in Sirt5 
KD BV2 cells.

(See figure on previous page.)
Fig. 2  Sirt5 KD-induced succinylation upregulation leads to microglial senescence and metabolic changes. (A) Schematic experimental workflow of the 
construction of stable Sirt5 KD BV2 cell line and further experiments. (B) Sirt5 KD efficiency after the LV transfection confirmed by WB. (C) Succinylation 
level between CTL and Sirt5 KD BV2 cells in (a) total lysate and (b) mito lysate detected by WB. D. Aging and DAM-related genes transcription levels 
between CTL and Sirt5 KD detected by qPCR. E. Cell physiological changes after Sirt5 KD; (a) The proliferation changes after the Sirt5 KD cells compared 
by absolute cell count by BioTek Cytation5 analyzer, (b) The levels of ATP in cellular total lysate detected by ELISA. F. The mito stress tests following Sirt5 
KD; (a) Normalized OCR; (b) basal respiration rate(Basal Resp.), Spare capacity(Spare Capa.) and Proton leak were calculated. G. The glycolytic rate changes 
following LPS treatment detected by the glycolytic rate test. (a) normalized PER and ECAR; (b) Basal PER, Basal Glycolysis rate and compensate glycolysis 
PER were calculated. H. The ATP production rate changes following LPS treatment detected by the real-time ATP production rate assays. n = 3/group, * 
P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.001
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Fig. 3 (See legend on next page.)
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The activity of SDH and ECHA is regulated by succinylation 
modification, which in turn affects MG activation
The underlying mechanisms contributing to altered 
mitochondrial function, accompanied by elevated levels 
of ROS and lipid accumulation associated with hyper-
succinylation, remain poorly understood. To elucidate 
whether the altered function was caused by changes in 
the expression levels of associated proteins in mitochon-
dria, WB was used to assess the expression of proteins 
associated with the electron transport chain(ETC, Com-
plex III and V), tricarboxylic acid(TCA) cycle(SDHA, 
which is one subunit of SDH enzyme) and lipid 
β-oxidation(ECHA). Surprisingly, no alterations in pro-
tein expression levels were observed in the Sirt5 KD cells 
compared to control cells, even upon treatment with LPS 
(Fig. 4A and S2E). These results suggest that the observed 
alterations in mitochondria function and lipid accumula-
tion are unlikely to be a result of changes in the protein 
expression. The amount of mitochondria in both control 
and Sirt5 KD cells was further examined using Mito Red 
tracker staining and detected by FC. However, the MFI 
of Mito Red tracker did not show significant changes 
between control and Sirt5 KD cells, regardless of whether 
they were treated with LPS. This indicates that the quan-
tity of mitochondria was not affected in the Sirt5 KD 
cells(Fig. 4B).

SDHA is one of the subunits comprising the SDH com-
plex, which plays a crucial role in both ETC and the TCA 
cycle(Fig. 4D). Recent investigations have elucidated the 
pivotal role of SDH in ROS generation, thereby contrib-
uting to the initiation and progression of neurodegen-
erative diseases [45]. Considering the existing literature 
indicating the presence of multiple Lys succinylation 
sites on SDHA [46, 47], IP was conducted to isolate 
SDHA from control and Sirt5 KD BV2 cells for assess-
ing its succinylation level. The result showed significantly 
higher level of succinylation on SDHA in Sirt5 KD cells 
compared to control cells(Fig.  4E). However, no dispar-
ity in SDH activity was observed between Sirt5 KD cells 
and control cells; nevertheless, it exhibited a significant 
increase following LPS treatment when compared to 
the untreated group(Fig. 4Fa). To mimic the insufficient 
energy supply during aging, an in vitro starvation model 

of BV2 cells was carried out(Fig.  4Ca). To our surprise, 
both control and Sirt5 KD cells exhibited significantly 
increased in SDH activity(Fig.  4Fb). These findings sug-
gest that succinylation levels are associated with elevated 
SDH activity.

To validate the previously reported succinylated 
lysine residues(K250, K498, and K547) of SDHA, we 
transfected BV2 cells with Flag-tagged mutant forms 
SDHA(Fig.  4Cb). In these mutants, lysine was substi-
tuted by arginine to mimic the desuccinylated state(K-
to-R mutants), or by glutamate to simulate the negatively 
charged succinylation modification(K-to-E mutants). 
Flag-tagged WT SDHA was used as the control for subse-
quent analysis of enzymatic activity(Fig. 4Cb). We found 
that all the K-to-E mutants cells exhibited significant 
increase in SDH activity(Fig. 4Fc). However, among K-to-
R mutants, both K547R and K498R demonstrated varying 
increase in SDH activity except for K250R which dis-
played unaltered activity compared to control(Fig.  4Fc). 
These findings suggest that succinylation enhances enzy-
matic activity of SDH and Lys250 may serve as a critical 
lysine residue for succinylation. Furthermore, we investi-
gated the mRNA expression of IL-6 in BV2 cells follow-
ing introduction of the K-to-R or K-to-E mutant. Among 
the K-to-R mutants, only K498R exhibited higher level of 
IL-6 mRNA expression in LPS-treated mutant cells com-
pared to untreated mutant cells(Fig.  4Ha). However, all 
K-to-E mutant cells exhibited significantly elevated IL-6 
mRNA expression after LPS treatment(Fig.  4Hb). These 
results suggest that succinylation modification primar-
ily regulates the enzymatic activity of SDH, subsequently 
influencing pro-inflammatory cytokine expression.

The metabolomic findings in this study revealed an 
enrichment of long chain lipids, indicating a reduc-
tion in lipid degradation. Therefore, we focused on 
ECHA, which is known to possess the 2,3-enoyl-CoA 
hydratase and the 3-hydroxyacyl-CoA dehydrogenase 
activities and is considered as the limiting factor for 
β-oxidation(Fig. 4I). ECHA has been reported to have the 
highest number of succinylation sites(28 sites) [48]. Con-
sequently, we immunoprecipitated ECHA from control 
and Sirt5 KD BV2 cells for subsequent analysis of suc-
cinylation levels. We found a significant increase in the 

(See figure on previous page.)
Fig. 3  Increased succinylation leads to enhanced MGs’ inflammatory susceptibility, ROS over-production, and lipid metabolism disruption. (A) Schematic 
experimental workflow of Sirt5 KD BV2 cells with LPS treatment and further experiments. (B) Succinylation level between CTL and Sirt5 KD BV2 cells with 
LPS treatment in (a) total lysate and (b) mito lysate detected by WB. C. The glycolytic rate changes of CTL and Sirt5 KD cells following LPS treatment 
detected by the glycolytic rate test. D. The ATP production rate changes of CTL and Sirt5 KD cells following LPS treatment detected by the real-time ATP 
production rate assays. E. mtROS generation of CTL and Sirt5 KD cells treated with LPS detected by FC. F. Lipid accumulation of CTL and Sirt5 KD cells 
treated with LPS detected by FC. G. MDA concentration of CTL and Sirt5 KD cells treated with LPS detected by colorimetric method. H. Pro-inflammatory 
cytokines transcription levels of Il-1β, Il-6 and Tnf-α in the CTL and Sirt5 KD cells treated with LPS detected by qPCR. I. Schematic workflow of non-targeted 
metabolomics. J. OPLS-DA analysis of non-targeted metabolomic datasets between CTL and Sirt5 KD cells. (n = 6/group) K. Volcano plot showing differ-
ent metabolites in CTL and Sirt5 KD cells (n = 6/group). L. The counts of up and downregulated of different metabolites classified by superfamily. M. KEGG 
enrichment of different metabolites in CTL and Sirt5 KD BV2 cells. Upregulated metabolites are in red, and downregulated genes are in blue. n = 3/group, 
* P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.001
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succinylation level of ECHA(Fig.  4J), while the enzyme 
activity just exhibited slightly reduction in the Sirt5 KD 
cells compared to control cells(Fig.  4Ka). However, fol-
lowing LPS treatment, both control and Sirt5 KD cells 
exhibited a substantial decrease in enzyme activity, with 
the lowest activity observed in Sirt5 KD cells(Fig.  4Ka). 
Furthermore, we examined the impact of starvation on 
ECHA activity in both control and Sirt5 KD cells, reveal-
ing a significant reduction in ECHA activity. Notably, the 
activity was found to be decreased by half in the Sirt5 
KD cells compared to the control group(Fig. 4Kb). These 
findings suggest that succinylation levels increase while 
there is a concurrent decrease in ECHA’s enzymatic 
activity.

The succinylation modification of Lys 351, which is 
reported to be regulated by Sirt5, plays a crucial role in 
maintaining ECHA activity [29]. Therefore, BV2 cells 
were transfected with K-to-R or K-to-E mutants of K351, 
followed by enzymatic activity assays. The results showed 
that cells carrying K351E mutation, not the K351R muta-
tion, exhibited a significant reduction(nearly 50%) in 
ECHA activity compared to control cells(Fig. 4Kc). Mean-
while, both K351E and K351R mutant exhibited signifi-
cantly increased in IL-6 mRNA expression compared to 
control cells(Fig. 4L). However, only K351E mutant cells 
displayed a significant increase in IL-6 mRNA expression 
after undergoing LPS treatment compared to untreated 
cells(Fig. 4L). Collectively, these findings suggest that the 
succinylation modifications of SDHA and ECHA regulate 
the enzymes activities and affect the activated status of 
MGs.

The administration of SP effectively reverses aging-related 
phenotype of MGs by reducing the level of succinylation
Succinylation modification is primarily a spontaneous 
reaction wherein SCoA supplies the modified group, 
depending on the cellular or mitochondrial concentra-
tion of SCoA [25]. Hence, we investigated the possibility 
of modulating intracellular succinylation modifications 
by reducing SCoA level. SCoA serves as a crucial inter-
mediate in the TCA cycle and is synthesized from 
α-ketoglutarate(α-KG) via α-ketoglutarate dehydroge-
nase complex(KGDHC) through decarboxylation(EC 
1.2.4.2). Previous studies have reported that SP can 
inhibit KGDHC and reduce ROS production in the rat 
brain and cultured neurons (Fig.  5Aa) [49, 50]. There-
fore, we employed SP as a KGDHC inhibitor to suppress 
SCoA production and downregulate succinylation levels. 
As illustrated in Fig. 5Ab, BV2 cells were pretreated with 
SP(10 µM)followed by LPS(100 ng/mL) treatment, then 
the succinylation level of mitochondrial proteins was 
analyzed using WB. The results showed that succinyl-
ation level was significantly reduced in SP pretreated cells 
compared to LPS treated alone(Fig. 5B). Meanwhile, the 

concentration of SCoA was also reduced(Fig.  5C), indi-
cating SP pretreatment can significantly reduce the succi-
nylation level by decreasing the concentration of SCoA in 
BV2 cells. Furthermore, MitoSox and NR staining were 
carried out again to analyze the generation of mtROS and 
the accumulation of lipids, as shown in Fig. 5D(Fig. 5D). 
The control and Sirt5 KD cells were stained with MitoSox 
or NR, followed by fluorescence microscopy (Fig.  5Ea 
and Fa) and FC analysis(Fig.  5Eb and Fb). Interestingly, 
pretreatment with SP alone led to a modest reduction 
in both the generation of mtROS and the accumula-
tion of lipid droplets. However, when subjected to LPS 
treatment, a significant reduction in mtROS and lipid 
accumulation was observed in cells pretreated with 
SP(Fig. 5E, F). Additionally, the level of lipid peroxidation 
was also reduced in SP pretreated cells(Fig. 5G).

The expression levels of inflammatory cytokines, 
including Il-1β, Tnf-α, and Il-6 were quantified using 
qPCR in SP pretreated PriMGs and BV2 cells with or 
without LPS treatment(Fig. 5D). The results showed that 
there were no significant differences between control and 
SP pretreated BV2 cells without LPS treatment(Fig. 5Hb). 
However, upon LPS treatment, except for Il-1β, both 
Tnf-α, and Il-6 expression exhibited a significant reduc-
tion in SP pretreated cells compared to those treated with 
LPS alone in PriMGs(Fig.  5Ha). Similar findings were 
also observed in BV2 cells(Fig. 5Hb). In summary, these 
results suggest that administration of SP could attenu-
ate the succinylation level by inhibiting the production of 
SCoA, thereby reducing ROS production, lipid accumu-
lation and the inflammatory activation of MGs.

Subsequently, we investigated the potential of SP to 
ameliorate cellular senescence in BV2 cells. We estab-
lished an in vitro aging model by treating BV2 cells 
with VP-16(Fig.  5I). Surprisingly, after 72  h of SP treat-
ment, there was a significant reduction in the number 
of SA-β-Gal positive cells compared to VP-16 treatment 
alone(Fig.  5J). Furthermore, the effects of SP on desuc-
cinylation were further validated in vivo using LPS ip. 
injection model(Fig.  5K). The hippocampal mitochon-
drial protein exhibited significantly up regulation of 
succinylation 24  h following LPS injection(Fig.  5L). 
Remarkably, pretreatment with SP reversed the level of 
succinylation and restored it close to that observed in 
control mice(Fig. 5L). Furthermore, IP was used to isolate 
SDHA and ECHA from the mouse hippocampus, and the 
succinylation level was measured by WB. It was interest-
ing that, the succinylation level of SDHA and ECHA in 
the mice hippocampus was significantly increased after 
the LPS treatment. And was significantly reduced fol-
lowed by the SP icv. treatment (Fig. S2F).



Page 15 of 21Zhao et al. Journal of Neuroinflammation          (2024) 21:296 

Fig. 4  Succinylation modification regulates SDH and ECHA activity, impacting MG activation. (A) WB analysis of mitochondrial proteins associated with 
β-oxidation(ECHA), TCA cycle(SDHA), ETC(Complex III and V). (B) The number of mitochondria stained with Mito red tracker and detected by FC. (C) Sche-
matic experimental workflow; (a) Schematic of detecting SDH and ECHA activity detection and the succinylation level of SDHA and ECHA; (b) Schematic 
of succinyl sites point mutation and further experiments. D. Illustration of the role of SDH in the TCA cycle and ETC. E. WB analysis of succinylation level of 
SDHA following the IP. F. SDH enzyme activity analysis; (a) The enzyme activity of SDH under the inflamed (+ LPS); (b) energy shortage (Starve) situation 
in the BV2 cells; (c) The enzyme activity of SDH following the point mutation of K250, K498 and K547 in the BV2 cells. K250E vs. WT ## P < 0.01, &(K498R vs. 
WT) P < 0.05, &&(K498E vs. WT) P < 0.01, $(K547R vs. WT) P < 0.05, $$(K547E vs. WT) P < 0.01. H. Pro-inflammatory cytokines transcription level of Il-6 under 
inflamed condition detected by qPCR following the point mutation of K250, K498 and K547 in the BV2 cells. I. Illustration of the central role of ECHA in the 
lipid β-oxidation. J. WB analysis of succinylation level of ECHA following the IP. K. ECHA enzyme activity analysis; (a) The enzyme activity of ECHA under 
the inflamed (+ LPS); (b) energy shortage (Starve) situation in the BV2 cells; (c) The enzyme activity of ECHA following the point mutation of K351 in the 
BV2 cells. L. Proinflammatory cytokines transcription level of Il-6 under inflamed condition detected by qPCR following the point mutation of K351 in the 
BV2 cells. n = 3/group, * P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.001
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Fig. 5 (See legend on next page.)
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Discussion
In the present study, we have discovered the relationship 
between succinylation modification and CNS aging. Our 
findings indicate that succinylation levels are increased 
in aged mouse brains and MGs. In vitro experiments 
demonstrate that upregulated succinylation results in 
metabolic reprogramming with weakened mitochondrial 
adaptability and enhanced glycolysis. Meanwhile, under 
inflammatory conditions, upregulated succinylation leads 
to dramatic heightened cell reactivity with increased 
mtROS production and lipid accumulation. Further-
more, the metabolomics analysis reveals those significant 
alterations in various metabolites due to upregulated 
succinylation, particularly affecting lipids and lipid-like 
molecules. The up-regulated metabolites mostly enriched 
in the glycolysis and related metabolic pathways while 
excluding OXPHOS, whereas down-regulated metabo-
lites were mainly associated with FA metabolism. We 
hypothesize that these consequences may be related to 
the imbalanced activities of SDH and ECHA, which are 
regulated by succinylation. Finally, we demonstrate that 
reducing the SCoA production can decrease the succi-
nylation level in vivo and in vitro, thereby alleviating the 
senescent state of MG. To our knowledge, our data pro-
vides evidence revealing succinylation modification as a 
potential link between MG energy metabolism and acti-
vation in CNS aging. These results offer further insight 
into the mechanism of aging-related neuroinflamma-
tion as well as interventions of CNS aging from a novel 
perspective.

Although limited studies have investigated the asso-
ciation between succinylation and CNS aging, existing 
evidence has substantiated an elevated level of succinyl-
ation modification in aging-related degenerative con-
ditions such as ovarian aging, osteopenia, and disc 
herniation. These findings underscore a potential cor-
relation between succinylation and the process of aging 
[26, 51, 52]. Succinylation exerts a significant influence 
on multiple cellular processes, including gene transcrip-
tion, energy metabolism, protein folding and transloca-
tion [53–55]. Among these processes, the important role 

of succinylation in metabolic processes has been exten-
sively documented. Notably, succinylation profoundly 
impacts energy metabolism by predominantly occurring 
within mitochondria and modulating enzymes involved 
in this process. Under physiological conditions, these 
enzymes maintain a delicate balance of succinylation and 
desuccinylation [28]. However, during aging, the balance 
is disrupted leading to a state of hypersuccinylation that 
may perturb the mitochondrial energy metabolism and 
subsequently result in cellular dysfunction across vari-
ous organs. The brain is the most metabolically active 
organ, and succinylation has been reported as a pivotal 
factor contributing to CNS diseases, including ischemic/
hemorrhagic stroke and neurodegenerative diseases, 
which are associated with inadequate energy supply in 
the CNS and aberrant energy metabolism in the neurons 
[56–59]. Our findings suggest that the impaired energy 
metabolism may be greatly due to the functional impacts 
of upregulated succinylation of key enzymes in the mito-
chondria. Moreover, succinylation modification is highly 
sensitive to metabolic changes, as SCoA, the donor of 
succinyl group, is an intermediate metabolite in the TCA 
cycle and consistently fluctuates with changes in meta-
bolic levels [28]. Metabolic perturbations of CNS, such as 
cerebral ischemia, low metabolic levels during depression 
and aging-related reduction of metabolism can alter suc-
cinylation of mitochondrial proteins [60–62]. Therefore, 
succinylation serves as a valuable indicator for altered 
energy metabolism related to aging that involves inter-
actions between succinylated proteins and metabolic 
challenges.

It is crucial to emphasize that PTMs do not occur in 
isolation, as proteins undergo diverse modifications at 
different residues and types. From the omics data on 
protein modification reveals intricate crosstalk between 
succinylation and other modifications, particularly acet-
ylation. In our findings, a significant increase in SDH 
activity was observed following the point mutation of 
SDHA at K498R, which is intended to mimic the desuc-
cinylated state. It has been previously reported that K498 
can undergo modifications such as succinylation and 

(See figure on previous page.)
Fig. 5  SP administration reverses MGs’ aging phenotype by reducing the level of succinylation. A. Schematic illustration of (a) the generation of SCoA 
via KGDHC and the metabolite changes follow the SP treatment, (b) Schematic workflow of the experiment of SP pretreatment and the following experi-
ments. B. Succinylation level of LPS treatment with or without SP pretreatment in BV2 cells were detected by WB. C. The concentration of SCoA in cellular 
total lysate of LPS treatment with or without SP pretreatment in BV2 cells were detected by colorimetric method. D. Schematic workflow of detecting the 
senescence MG indicators after SP pretreatment. E. mtROS generation was detected by MitoSox staining after the SP pretreatment in the physiological 
and inflammatory condition; (a) mtROS generation was observed and detected by fluorescence microscopy and the MFI was measured. Bar = 50 μm; (b) 
mtROS generation of BV2 cells treated with SP and LPS was detected by FC. F. Lipid accumulation was detected by Nile Red staining after the SP pretreat-
ment in the physiological and inflammatory condition; (a) Lipid accumulation was observed and detected by fluorescence microscopy and the MFI was 
measured. Bar = 50 μm; (b) Lipid accumulation of BV2 cells treated with SP and LPS was detected by FC. G. MDA concentration of BV2 cells treated with SP 
and LPS was detected by colorimetric method. H. Pro-inflammatory cytokines transcription level of Il-1β, Il-6 and Tnf-α in the, (a) PriMGs and (b) BV2 cells 
treated with SP and LPS were detected by qPCR. I. Schematic workflow of SP pretreatment in the VP16 induced aging model. J. SA-β-Gal positive cells 
were counted and calculated following the pretreatment of SP in the VP16 induced aging model. Bar = 50 μm K. Schematic workflow of SP pretreatment 
in the in vivo neuroinflammation model. L. The succinylation level of the hippocampus mito lysate of the in vivo neuroinflammation model pretreated 
with SP was detected by WB. n = 3/group, * P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.001
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acetylation, with acetylation on K498 leading to down-
regulation of SDH activity [63]. The point mutation of 
K498R also abolishes the inhibitory effect of acetylation 
on SDH activity.

The balance between succinylation and desuccinyl-
ation is regulated by the levels or the activities of modi-
fication writers and the erasers [28]. Succinylation has 
been reported to occur spontaneously, which correlates 
with the concentration of SCoA in the mitochondria. In 
contrast, Sirt5 is currently the only known desuccinylase 
found in all cell compartments, predominantly localized 
within mitochondria [29]. The sirtuins, a family of NAD+ 
dependent lysine deacetylases, are involved in a variety of 
physiological processes related to aging, including oxida-
tive stress, apoptosis and inflammation [64, 65]. Recent 
study has demonstrated that deficiency in any sirtuin 
leads to accelerated cellular senescence [66]. In our study, 
we observed a significant upregulation of aging and 
DAM-related genes expressions, accompanied by an ele-
vated level of mitochondrial succinylation following Sirt5 
KD. These data suggest that the important role of Sirt5 
in modulating the aging process through its regulation 
of succinylation level. Under physiological conditions, 
Sirt5 is activated in response to energy deprivation and 
facilitates desuccinylation of metabolic enzymes within 
the mitochondria, thereby functioning as a metabolic 
level sensor [67]. However, under conditions such as 
aging or other pathological states that disrupt the balance 
between succinylation and desuccinylation, dysfunc-
tion of metabolic enzymes occur, resulting in accelerated 
aging and neurodegeneration diseases.

The majority of research on succinylation modification 
in the CNS primarily focuses on its impact on neurons, 
with only a limited number of studies investigating MG 
[57, 68]. As the principal immune cell in the brain, MG 
possesses the remarkable ability to dynamically regulate 
nutrient uptake and metabolic enzyme activity, enabling 
them to adapt to the intricate and dynamic microenvi-
ronment of the brain. This phenomenon is commonly 
referred to as metabolic reprogramming [11, 69], which 
empowers MGs to effectively execute their essential 
immune surveillance function. It is well known that MG 
primarily utilizes OXPHOS and FA oxidation as the pre-
dominant metabolic pathway in the resting state but 
undergoes a metabolic shift towards glycolysis during the 
pro-inflammatory status. This metabolic reprogramming 
is orchestrated by transcriptional upregulation of specific 
genes and altered activities of key metabolic enzymes 
[12]. Succinylation has been reported to regulate the 
activities of enzymes in major metabolic pathways 
including TCA cycle, glycolysis, FA oxidation, urea cycle, 
and nucleotide metabolism [45]. This finding was further 
supported by our metabolomics study, which employed 
KEGG enrichment analysis and differential metabolite 

identification. SDHA, the subunit of SDH, which is also 
known as complex II on the mitochondrial ETC, was 
previously reported to be modified by succinylation and 
regulated by Sirt5 [46]. In our study, we found the succi-
nylation level of SDHA was increased after the Sirt5 KD, 
confirming that Sirt5 regulates the succinylation level in 
MG. We further confirmed that succinylation modifica-
tion of Lys 250 can regulate SDH activity and influence 
the release of pro-inflammatory cytokines in MG. SDH 
plays a crucial role in coupling two major energy metabo-
lism pathways within mitochondria, namely the TCA 
cycle and the oxidative respiratory chain, both essential 
for mitochondrial OXPHOS [70]. In the context of isch-
emia/reperfusion (I/R), ETC is widely acknowledged as 
the primary source of ROS. The elevation in ROS lev-
els during I/R predominantly stems from SDH, which 
induces a reversed electron transfer(RET) at complex 
I, thereby triggering an upsurge in ROS generation and 
exacerbating cerebral I/R injury [45, 71]. In this study, the 
succinylation of SDHA positively regulates the activity of 
SDH enzyme, and a significant increase in mtROS level 
was observed with an increase succinylation level. We 
propose that the elevation in mtROS level is associated 
with overactivation of SDH induced by increased succi-
nylation modification of SDHA.

Lipid drops accumulation is reported as a key feature of 
MG activation [8, 72]. In our study, we found an increase 
in the number of intracellular lipid droplets in Sirt5 KD 
cells, which correlated with elevated transcription levels 
of aging and DAM-related genes. It has been reported 
that ECHA, a key rate-limiting enzyme responsible for 
the β-oxidation of intracellular FAs, is regulated by Sirt5 
induced desuccinylation [48, 73]. Therefore, we hypoth-
esized that lipid accumulation after Sirt5 KD is related 
to the retardation of FAs β-oxidative due to downregula-
tion of ECHA enzyme activity. In summary, the elevated 
succinylation levels of SDHA and ECHA disrupt the bal-
ance between TCA cycle, ETCs and the lipid β-oxidation, 
resulting in increased ROS production, lipid accumula-
tion and lipid peroxidation. These consequences may 
contribute to the metabolic reprogramming and dystro-
phy in aging MGs.

Sirt5, being the sole regulator of desuccinylation, has 
been extensively investigated in the context of anti-aging 
processes. Resveratrol, abundantly present in fruits and 
commonly consumed foods, has been reported to mod-
ulate Sirt5 activity and effectively reduce succinylation 
levels [74, 75]. However, its efficacy requires administra-
tion of high doses, and its limited water solubility ham-
pers widespread application. Moreover, the function 
of Sirt5 is inconsistent across different diseases such as 
ischemic stroke [76], in which the increasing expression 
of Sirt5 has been found to promote disease progression. 
This makes us cautious about blindly increasing Sirt5 
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activity by sirtuin activators. Succinylation mainly occurs 
predominantly through non-enzymatic mechanisms, 
which depend on the concentration of SCoA. In our 
study, we employed SP to inhibit KGDHC activity and 
consequently impede SCoA production. Pre-treatment 
with SP in the inflammatory state resulted in a reduc-
tion in succinylation levels, leading to decreased ROS 
production, lipid accumulation, and MG activation. Fur-
thermore, SP pre-treatment significantly diminished the 
number of senescent MG cells in an in vitro aging model. 
In vivo experiments demonstrated that hippocampal suc-
cinylation levels were reduced by SP pre-treatment in a 
neuroinflammation model. In our data, we also observed 
the diversity in the regulatory mechanisms of metabolic 
pathways on MG reactivity. For instance, SP significantly 
reduced the mRNA level of IL-6 and TNF-α in BV2 cells, 
except for IL-1β. Previous studies have reported that 
mitochondrial metabolites regulate macrophage inflam-
matory responsiveness through two distinct pathways: 
one involving succinic acid or SCoA regulated by IL-6, 
and another bypass pathway mediated by glutamine [77]. 
To further investigate whether the IL-1β production 
pathway in MG is also regulated by the replenishment 
effect of glutamine, we cultured cells with glutamine-free 
medium and administered SP treatment. We observed 
that in the absence of glutamine, SP inhibited the mRNA 
level of IL-1β. Indeed, a long-term SP intervention should 
be carried out in aged mice to evaluate the anti-aging 
ability of SP in vivo, that will be our next task.

Conclusions
In summary, our data demonstrates the relationship 
between succinylation modification and the aging-related 
neuroinflammation. By regulating the level of succi-
nylation, we could modulate the metabolic mode and 
manipulate the cell reactivity, ultimately alleviating MG 
senescence. Our findings will provide further insight into 
the treatment of aging-related neuroinflammation.
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