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Ischemic accumulation of succinate induces Cdc42 
succinylation and inhibits neural stem cell proliferation 
after cerebral ischemia/reperfusion

Abstract  
Ischemic accumulation of succinate causes cerebral damage by excess production of reactive oxygen species. However, it is unknown whether ischemic 
accumulation of succinate affects neural stem cell proliferation. In this study, we established a rat model of cerebral ischemia/reperfusion injury by occlusion 
of the middle cerebral artery. We found that succinate levels increased in serum and brain tissue (cortex and hippocampus) after ischemia/reperfusion injury. 
Oxygen-glucose deprivation and reoxygenation stimulated primary neural stem cells to produce abundant succinate. Succinate can be converted into diethyl 
succinate in cells. Exogenous diethyl succinate inhibited the proliferation of mouse-derived C17.2 neural stem cells and increased the infarct volume in the 
rat model of cerebral ischemia/reperfusion injury. Exogenous diethyl succinate also increased the succinylation of the Rho family GTPase Cdc42 but repressed 
Cdc42 GTPase activity in C17.2 cells. Increasing Cdc42 succinylation by knockdown of the desuccinylase Sirt5 also inhibited Cdc42 GTPase activity in C17.2 
cells. Our findings suggest that ischemic accumulation of succinate decreases Cdc42 GTPase activity by induction of Cdc42 succinylation, which inhibits the 
proliferation of neural stem cells and aggravates cerebral ischemia/reperfusion injury. 
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Introduction 
Cerebral ischemia/reperfusion (I/R) occurs when the cerebral blood supply is 
disrupted and then restored. Reperfusion initiates oxidative damage and cell 
death by generation of mitochondrial reactive oxygen species (Eltzschig and 
Eckle, 2011). Production of mitochondrial reactive oxygen species is driven 
by ischemic accumulation of succinate, an intermediate of the citric acid 
cycle (Chouchani et al., 2014; Kamarauskaite et al., 2020; Zhang et al., 2020; 
Zhu et al., 2021). Under aerobic conditions, intracellular succinate is rapidly 
metabolized into fumarate. Under anaerobic conditions, elevated levels of 
extracellular succinate bind to and activate the G protein-coupled succinate 
receptor GPR91 on stellate cells and macrophages in the liver, which triggers 
inflammation (Littlewood-Evans et al., 2016; Mills et al., 2021). Macrophage-
derived extracellular succinate also activates GPR91 on neural stem cells 
(NSCs), which secrete prostaglandin E2 and scavenge extracellular succinate 
(Peruzzotti-Jametti et al., 2018). Hypoxia also increases succinylation (Gibson 
et al., 2015; Chen et al., 2017). Succinate-induced activation of GPR91 
participates in ischemic injury by modulating processes such as cardiomyocyte 
hypertrophy and muscle remodeling (Aguiar et al., 2014; Wang et al., 2019). 
In terms of metabolic function, succinate accumulation induces mitochondrial 
respiration and changes the metabolic profile (Ehinger et al., 2016; Ives et al., 

2020; Zhang et al., 2020; Avram et al., 2021). However, it is speculated that 
the role of intracellular succinate depends on its subcellular distribution. 

Succinylation is a newly discovered and multienzyme-regulated post-
translational modification that occurs in the cytoplasm. Succinylation can be 
non-enzymatic (regulated by succinyl-coenzyme A [CoA]) or enzymatic (Yang 
and Gibson, 2019). Succinate and succinyl-CoA can be converted into each 
other by succinyl-CoA synthetase and succinyl-CoA ligase, thus regulating 
succinylation. Improving succinate production by inactivation of succinate 
dehydrogenase induces hypersuccinylation by causing the accumulation 
of succinyl-CoA (Zhang et al., 2011; Li et al., 2015). Hypersuccinylation can 
lead to hypertrophic cardiomyopathy (Sadhukhan et al., 2016). Hypoxia also 
increases succinylation (Gibson et al., 2015; Chen et al., 2017). The regulation 
of succinylation is also associated with brain ischemic tolerance (Koronowski 
et al., 2018). For example, knockout of the desuccinylase sirtuin 5 (Sirt5) 
gene in mice makes them more susceptible to I/R injury compared with wild-
type littermates. The succinylation of specific proteins, such as isocitrate 
dehydrogenase, in metabolic pathways alters their activity. Hence, further 
investigation on how succinylation modulates neurogenesis after I/R injury is 
needed.
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Graphical Abstract

Effects of succinate accumulation on neural stem cell proliferation after cerebral ischemia/
reperfusion injury
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Here, we aimed to determine the level of succinate after cerebral I/R injury 
and the effects of the altered metabolite levels of succinate on neurogenesis, 
such as NSC proliferation. We also investigated the mechanism by which 
succinate regulates NSC proliferation to affect the outcome of ischemic stroke. 
 
Methods   
Establishment of a rat model of ischemia/reperfusion injury
All animal experiments were approved by the Laboratory Animal Ethics 
Management Committee of Xuzhou Medical University, Xuzhou, China 
(approval No. 201904W047) on April 15, 2019, and were performed in 
accordance with the guidelines of the animal facility of Xuzhou Medical 
University.

All rats were kept under a constant temperature 23 ± 2°C and a 12-hour 
light/dark cycle. They were fed with a commercially available normal rat 
diet and tap water ad libitum. To avoid the influence of estrogen on cerebral 
cardiovascular disease (Prabakaran et al., 2022), only male rats were chosen 
to establish the middle cerebral artery occlusion (MCAO) model and to 
observe the effects of succinate. We used 24 adult male Sprague-Dawley rats 
(Shanghai Institute for Biomedical and Pharmaceutical Technologies, Shanghai, 
China, license No. SCXK (Hu) 2018-0006) that were specific-pathogen-free, 
5–8 weeks old, and weighed 200 to 250 g in this study. The MCAO model was 
induced using an established method described previously (Hu et al., 2020). 
Briefly, rats were anesthetized with 4% isoflurane (RWD Life Science Co., Ltd., 
Shenzhen, China) and were maintained at 2% isoflurane via inhalation. Then 
the common, external, and internal carotid arteries were exposed through 
a ventral midline incision. A silicone-coated 4-0 monofilament nylon suture 
with a rounded tip was inserted into the right common carotid artery and was 
advanced until it occluded the middle cerebral artery. Then the anesthesia 
was reversed. After 1 hour of occlusion, the rat was reanesthetized and the 
nylon suture was withdrawn. Rectal temperature was maintained around 37°C 
throughout the surgical procedure using a feedback-regulated heating system 
(Zhike Company, Zhengzhou, China). 

To measure succinate levels, 12 rats were randomly divided into sham and 
MCAO groups (n = 6/group). To measure diethyl succinate (DS) levels, an 
additional 12 rats were randomly divided into MCAO and MCAO + DS groups (n 
= 6/group). DS (800 mg/kg, MilliporeSigma, Burlington, MA, USA) was injected 
intraperitoneally 2 hours after ischemia, and then reperfusion was performed 
for 24 hours. Detailed information about the study design is provided in 
Additional Figure 1.

Cell culture
Primary neural stem cell culture
One pregnant rat (E14–19, Shanghai Institute of Planned Parenthood 
Research-Bk Lab Animal Co., Ltd., Shanghai, China) was anesthetized by 
inhalation of 97.5% ether for 5 minutes (Sinopharm Chemical Reagent Co., 
Ltd., Shanghai, China) and decapitated. The rat was disinfected with 75% 
alcohol and the fetuses were removed from the rat. One rat fetus was rinsed 
with ultrapure water containing 1% penicillin/streptomycin and placed in 
a petri dish filled with precooled high-glucose Dulbecco’s Modified Eagle 
Medium (DMEM) (Cat# KGM12800-500, KeyGEN BioTECH, Nanjing, China). 
The cortex and hippocampus were separated from the rest of the brain under 
a research stereomicroscope (SZX16, Olympus, Tokyo, Japan), chopped into 
small pieces, and transferred into a 50-mL sterile tube. After centrifugation 
at 1000 r/min for 10 minutes, the pellet was mixed with trypsin (Beyotime 
Biotechnology, Shanghai, China) and digested in a 37 °C water bath for 15–25 
minutes with gentle shaking. After filtration, DMEM with 1% penicillin/
streptomycin was used to stop digestion. The pellet was resuspended 
in NSC basal medium (100 mL DMEM [KeyGEN BioTECH], 2 mL 2% B-27 
[Thermo Fisher Scientific, Waltham, MA, USA], 1 mg epidermal growth factor 
[MedChemExpress LLC, Monmouth Junction, NJ, USA], and 1 mg fibroblast 
growth factor [MedChemExpress LLC]) and transferred into a culture flask. 
After 24 hours, the medium was collected and centrifuged. Half of the 
supernatant was refreshed with new medium every other day. On the 11th 
day, the resultant neurospheres were collected and washed with phosphate-
buffered saline on ice. The neurospheres were digested with trypsin and the 
cells were cultured in NSC complete medium (NSC basal medium with 20% 
fetal bovine serum [FBS; Thermo Fisher Scientific]) and filtered through a 
200-μm nylon mesh (Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) to obtain the NSC suspension. Primary NSCs were cultured to detect 
the G protein-coupled succinate receptor GPR91 and intracellular succinate 
levels after oxygen-glucose deprivation/reoxygenation (OGD/R) treatment.

Cell culture of the neural stem cell line C17.2
The multipotent mouse NSC line C17.2 (RRID: CVCL4511) was provided by the 
School of Chinese Medicine, Li Ka Shing Faculty of Medicine, The University 
of Hong Kong, China. C17.2 cells were cultured in high-glucose DMEM (Cat# 
KGM12800-500, KeyGEN BioTECH) supplemented with 10% FBS at 37°C in 
humidified incubators with 5% carbon dioxide, as previously described (Hu et 
al., 2020).

Oxygen-glucose deprivation/reoxygenation treatment
To mimic ischemic stroke conditions in vitro, primary NSCs and C17.2 cells 
were subjected to OGD/R treatment. In brief, OGD/R experiments were 
performed in a humidified incubator (ESCO Life Sciences Group, Bintan Island, 
Indonesia) at 37°C with 90% nitrogen, 5% hydrogen, and 5% carbon dioxide, 
and culture medium was replaced with glucose-free DMEM (Cat# 11966025, 
Thermo Fisher Scientific). After 6 hours, the culture medium was replaced 

with complete medium (high-glucose DMEM [Cat# KGM12800-500, KeyGEN 
BioTECH] containing 10% FBS), and the cells were left to recover for 24 hours 
in a regular incubator. Control cells were incubated in complete medium 
under normoxia for the same duration.

Measurement of succinate by liquid chromatography–tandem mass 
spectrometry analysis
Blood was collected via the abdominal aorta of rats in the sham and MCAO 
groups after anesthesia by peritoneal injection of 2% pentobarbital sodium 
(Cat# Y0002194, MilliporeSigma). Serum was separated from whole blood by 
centrifugation for 10 minutes at 2500 × g for use in the succinate assay. The 
ischemic cortices and hippocampi were collected 24 hours after reperfusion 
and homogenized. After centrifugation at 2500 × g for 10 minutes, the 
supernatant was aspirated for use in the succinate assay. Before detection, 
50-μL aliquots of the samples were mixed with 195 μL methanol containing 10 
μM succinic acid-2,2,3,3-d4 (Cat# 293075, MilliporeSigma) for 2 minutes and 
this mixture was centrifuged for 10 minutes at 12,000 × g. Then, 150 μL of the 
mixture was collected for liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). The NSCs subjected to OGD/R were treated with methanol to 
extract proteins and metabolites and then sonicated. The extraction mixture 
was combined with succinic acid-2,2,3,3-d4 and centrifuged at 12,000 × g for 
10 minutes. The supernatant was taken for LC-MS/MS using 10 μM succinic 
acid-2,2,3,3-d4 as the internal standard. 

All samples were analyzed in multiple reaction monitoring mode using an 
ultra-performance liquid chromatography/triple quadrupole system (Waters 
Corp., Milford, MA, USA) with an electrospray ionization probe and an Acquity 
UPLC BEH C18 column (2.1 × 50 mm; 1.7 μm; Waters Corp.). The mobile 
phase was maintained at a flow rate of 0.4 mL/min and contained 0.1% (v/v) 
formic acid water solution (buffer A) and 0.1% (v/v) formic acid acetonitrile 
solution (buffer B). Succinic acid was separated using a gradient of 10% 
buffer B for 0.2 minutes, 10% buffer B to 80% buffer B for 1.8 minutes, 80% 
buffer B for 0.5 minutes, and 80% buffer B to 10% buffer B for 0.5 minutes, 
followed by a hold with 10% buffer B for 1.5 minutes. The temperature of 
the column was maintained at 40°C. The electrospray ionization source was 
set in negative ionization mode. Quantification was performed using multiple 
reaction monitoring with m/z 117 to 73 for succinic acid quantification, m/z 
117 to 98 for succinic acid identification, m/z 121 to 77 for internal standard 
quantification, and m/z 121 to 102 for internal standard identification. The 
optimal MS parameters included capillary voltage of 1.16 kV, cone voltage of 
24 V, collision voltage of 12 V, source temperature of 150°C, and desolvation 
temperature of 600°C. The desolvation flow rate was 600 L/h.

2,3,5-Triphenyltetrazolium chloride staining
2,3,5-Triphenyltetrazolium chloride staining is commonly used to identify 
hypoxic brain tissue and to define the size of cerebral infarctions (Chen et 
al., 2020). At 24 hours after reperfusion, rats were sacrificed by peritoneal 
injection of 2% pentobarbital sodium and the brains were quickly dissected. 
The harvested brains were placed at –20°C for 30 minutes, cut into 2-mm-
thick slices, and stained with 2% 2,3,5-triphenyltetrazolium chloride (A610558, 
Sangon Biotech, Shanghai, China) at 37°C for 25 minutes. The brain slices 
were fixed in 4% paraformaldehyde solution and photographed with a digital 
camera (EOS 2000D, Canon, Tokyo, Japan). The infarct area in each brain slice 
was measured using Image J Fiji (National Institutes of Health, Bethesda, MD, 
USA) (Schindelin et al., 2012). The relative infarct percentage was calculated 
using the following formula: Infarct percentage = (non-infarct hemisphere 
area – infarct hemisphere non-infarct area)/non-infarct hemisphere area 
× 100. An independent pathologist evaluated 2,3,5-triphenyltetrazolium 
chloride staining.

Evaluation of neurobehavioral function
The modified neurological severity score (mNSS) was determined 1 day prior 
to and 1 day after MCAO and was performed by researchers blinded to the 
experimental design. The mNSS score includes exercise and sensory tests and 
reflex evaluation. The mNSS ranges from 0 to 18. A higher score indicates 
more severe deficits (Chen et al., 2001).

Cell viability assay
C17.2 cells were plated in 96-well cell culture plates at 5 × 103 cells/well and 
incubated for 24 hours. To compare the effects of succinic acid and DS on 
cell proliferation, we added 0.5, 1, 2, 5, or 10 mM DS or 100, 200, 400, or 
1000 μM succinic acid to the cells. ML141 is a potent and selective inhibitor 
of Cdc42 (Chaker et al., 2018). To confirm if DS inhibits C17.2 proliferation 
by inhibition of Cdc42 activity, we compared the effects of DS and ML141. 
We added DS (1, 5, or 10 mM) or ML141 (1, 5, or 10 mM) to 5 × 103 C17.2 
cells/well after 24 hours of incubation. After a further 48 hours, cell viability 
was determined using the Cell Counting Kit-8 (CCK8) (Cat# C0037, Beyotime 
Biotechnology) in accordance with the manufacturer’s instructions. The 
absorbance (A) value was measured at 450 nm using a microplate reader (Bio-
Rad Laboratories, Hercules, CA, USA). The A value of a well without cells was 
recorded as Ablank. The percent cell viability was calculated using the following 
formula: Cell viability = (Atreatment – Ablank)/(Acontrol – Ablank) × 100.

Immunofluorescence staining
To visualize the distribution of succinate receptor GPR91 on primary NSCs 
(that stain positive for nestin), we performed dual immunofluorescence 
staining. Briefly, primary NSCs were seeded on a coverslip and fixed with 4% 
paraformaldehyde. The coverslip was washed with phosphate-buffered saline, 
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and the slides were treated with phosphate-buffered saline containing 0.1% 
Triton X-100 and 5% bovine serum albumin (Cat# VIC018, Vicmed, Xuzhou, 
China) for 1 hour. The slides were incubated with the following primary 
antibodies at 4°C overnight: rabbit anti-GPR91 polyclonal antibody (1:1000; 
Cat# 223051, United States Biological, Salem, MA, USA) and mouse anti-
nestin monoclonal antibody (1:1000; Cat# NBP1-92717, RRID: AB_11020601, 
Novus Biologicals, Littleton, CO, USA). Then, the slides were incubated with 
goat anti-mouse Alexa Fluor 488-labeled secondary antibody (1:1000; Cat# 
A11001, RRID: AB_2534069, Thermo Fisher Scientific) or goat anti-rabbit 
Cy3-labelled secondary antibody (1:1000; Cat# AS007, RRID: AB_2769089, 
ABclonal, Woburn, MA, USA) at room temperature for 1 hour. Representative 
images were obtained using a laser-scanning confocal microscope (TCS SP5, 
Leica, Wetzlar, Germany). We used 4′,6-diamidino-2-phenylindole (10 mg/mL; 
Cat# KGA215-10, KeyGen BioTECH) to label cell nuclei.  

Western blot assay
We measured the levels of Cdc42 and other proteins by western blot to 
investigate the effect of DS on NSC proliferation. Western blot was performed 
as previously described (Huang et al., 2014). Briefly, C17.2 cells were lysed 
with radio immunoprecipitation assay lysis buffer containing a protease 
inhibitor cocktail (Merck, Darmstadt, Germany). Proteins were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were 
transferred to polyvinylidene fluoride membranes (MilliporeSigma). The 
membranes were blocked in 5% non-fat dry milk diluted with Tris-buffered 
saline containing 0.1% Tween 20 (20 mM Tris-HCl, 150 mM NaCl pH 7.5, 0.1% 
Tween 20) at room temperature for 1 hour. The membranes were incubated 
with primary antibody at 4 °C overnight: rabbit anti-GPR91 polyclonal antibody 
(1:1000; Cat# 223051, United States Biological), rabbit anti-SIRT5 monoclonal 
antibody (1:1000; Cat# 8782, RRID: AB_2716763, Cell Signaling Technology, 
Danvers, MA, USA), rabbit anti-Cdc42 monoclonal antibody (1:1000; Cat# 
ab187643, RRID: AB_2818943, Abcam, Cambridge, UK), or rabbit anti-
succinyllysine polyclonal antibody (1:1000; Cat# PTM-401, RRID: AB_2687628, 
PTM Biolabs, Hangzhou, China). Then, the membranes were incubated for 
1 hour at room temperature with anti-rabbit IgG conjugated to horseradish 
peroxidase (1:1000; Cat# SA00001-2, RRID: AB_2722565, Proteintech, 
Rosemont, IL, USA) or anti-mouse IgG conjugated to horseradish peroxidase 
(1:1000; Cat# SA00001-1, RRID: AB_2722565, Proteintech). The loading 
controls were rabbit anti-β-actin monoclonal antibody (1:1000; Cat# 4970, 
RRID: AB_2223172, Cell Signaling Technology), mouse α-tubulin monoclonal 
antibody (1:1000; Cat# 66031-1-Ig, RRID: AB_11042766, Proteintech), or 
mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) monoclonal 
antibody (1:1000; Cat# 60004-1-Ig, RRID: AB_2107436, Proteintech). All 
bands were detected with Pierce ECL Western Blotting Substrate (Thermo 
Fisher Scientific).

Measurement of Cdc42 GTPase activity
Cdc42 GTPase activity was performed using the Rac1/Cdc42 Activation 
Assay Kit (Cat# 17-441, MilliporeSigma), which pulls down GTP-Cdc42 using 
its downstream effector p21-activated protein kinase (PAK1). Briefly, C17.2 
cells were lysed to collect the supernatant and incubated with PAK1-PBD 
agarose beads for 12 hours at 4°C. The agarose beads were washed three 
times with lysis buffer, resuspended in Laemmli buffer (Vicmed), and boiled 
for 5 minutes. The supernatant was collected for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and subsequent immunoblot. The blots 
were probed with anti-Cdc42 antibody to detect the levels of GTP-Cdc42 and 
total Cdc42.

Co-immunoprecipitation of Cdc42 succinylation
Because succinylation is a newly identified post-translational modification 
(Yang and Gibson, 2019), we hypothesized that succinate might affect 
the downstream target of GPR91, Cdc42, by succinylation. Therefore, we 
measured Cdc42 GTPase activity and succinylation by coimmunoprecipitation. 
C17.2 cells were treated with immunoprecipitation lysis buffer (Cat# 
87787, Thermo Fisher Scientific) on ice for 15 minutes. The cell lysates were 
centrifuged, and the cellular extracts were collected. Succinyllysine antibody 
or Cdc42 antibody were incubated with the cellular extracts at 4°C overnight. 
Protein G or protein A agarose beads (Thermo Fisher Scientific) were 
incubated with the cellular extracts for 4 hours. Then, the beads were washed 
twice with immunoprecipitation lysis buffer, and the proteins were eluted in 
1× Laemmli buffer (50 mM Tris-HCl pH 6.8, 1% sodium dodecyl sulfate, 6% 
glycerol, 1% β-mercaptoethanol, and 0.004% bromophenol blue). Proteins 
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and analyzed by immunoblotting with Cdc42 antibody and succinyllysine 
antibody. 

Transfection of siRNA
C17.2 cells with or without OGD/R treatment were incubated in 0.6 mL/well 
antibiotic-free DMEM supplemented with 10% FBS and 2 mM L-glutamine 
for 2 hours. Then, we prepared Sirt5 siRNA (Sangon, Shanghai, China), Gpr91 
siRNA (Sangon), or negative control siRNA (Sangon) in Lipofectamine 3000 
(Thermo Fisher Scientific) and Opti-MEM I (Cat# 31985070, Thermo Fisher 
Scientific). Next, C17.2 cells were pretreated with Sirt5 siRNA, Gpr91 siRNA, 
or negative control siRNA for 6 hours in accordance with the manufacturer’s 
instructions. 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.0.2 software 
(GraphPad Software, San Diego, CA, USA; www.graphpad.com). All 
experimental data are expressed as the mean ± standard deviation (SD). 

The comparisons of succinate (in vivo) were analyzed by two-way analysis 
of variance followed by Tukey’s post hoc tests. The comparisons of infarct 
volume, neurobehavioral scores, and GPR91 and SIRT5 expression were 
analyzed by unpaired t-tests. The comparisons of succinate (in vitro) were 
analyzed with repeated measures analysis of variance followed by Dunnett’s 
post hoc tests. The data for CCK8 were analyzed by one-way analysis of 
variance followed by Dunnett’s post hoc tests or Tukey’s post hoc tests. The 
comparisons of Cdc42 levels were analyzed by one-way or two-way analysis 
of variance followed by Tukey’s post hoc tests. Values were considered 
statistically significant when P < 0.05.

Results
Abnormal levels of succinate accumulate after cerebral ischemia/
reperfusion injury
To determine whether succinate accumulates in the tissues of rats after I/R  
injury, we used LC-MS/MS technology to detect the level of succinate in 
different rat tissues in the sham and MCAO groups. Our data showed that 
succinate levels were higher in the serum (P < 0.05), cortex (P < 0.01), and 
hippocampus (P < 0.01) in the MCAO group compared with that in the 
sham group (Figure 1A). To test the level of succinate in NSCs after I/R, 
we established a stroke model in primary NSCs using OGD/R and detected 
intracellular succinate by LC-MS/MS. We found that the basal concentration 
of intracellular succinate was 0.36 ± 0.08 μM, and after 2 hours of OGD, 
succinate increased to 3.28 ± 0.19 μM (P < 0.01, vs. sham group). The 
succinate concentration then decreased to the basal level immediately after 
10 minutes of reoxygenation, and this basal level was maintained for a further 
24 hours (Figure 1B).
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Figure 1 ｜ Succinate accumulates after cerebral ischemia/reperfusion in vivo and in 
vitro. 
(A) Succinate accumulates in serum, cortex, and hippocampus of middle cerebral 
artery occlusion (MCAO) rats (n = 6 rats/group). (B) Levels of intracellular succinate in 
neural stem cells subjected to oxygen-glucose deprivation and reperfusion (O/R). Each 
experiment was repeated three times. Data are expressed as the mean ± SD and were 
analyzed by (A) two-way analysis of variance followed by Tukey’s post hoc test or (B) 
repeated measures analysis of variance followed by Dunnett’s post hoc test. *P < 0.05, 
****P < 0.0001.

Succinate inhibits NSC proliferation under physiological and oxygen-glucose 
deprivation/reoxygenation conditions.
Cell viability also corresponds to proliferation ability. Hence, we used the 
CCK8 assay to detect the effects of succinate on NSC proliferation. We chose 
DS, a derivative of succinate, for in vitro experiments, as previously reported 
(Harber et al., 2020). There was no effect on NSC proliferation at 100, 200, 
400, or 1000 μM succinic acid under physiological or OGD/R conditions 
(Additional Figure 2). However, we observed that 0.5–10 mM DS inhibited 
C17.2 cell proliferation in a dose-dependent manner under physiological and 
OGD/R conditions (Figure 2A and B). 
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Figure 2 ｜ Succinate inhibits neural stem cell proliferation in a concentration-
dependent manner. 
(A, B) The viability of C17.2 cells after diethyl succinate treatment under (A) physiological 
and (B) oxygen-glucose deprivation and reperfusion (O/R) conditions. Data are expressed 
as the mean ± SD. Each experiment was repeated three times. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Dunnett’s post 
hoc test). Con: Negative control; DMSO: dimethyl sulfoxide; DS: diethyl succinate.

Administration of succinate aggravates cerebral ischemia/reperfusion 
injury in vivo
Figure 3A shows the experimental design. Rats in the MCAO + DS group had 
a larger infarct volume (P < 0.05; Figure 3B and C) and higher mNSS (P < 
0.01; Figure 3D) than rats in the MCAO group, demonstrating that succinate 
accumulation aggravated I/R injury.
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Figure 3 ｜ Succinate administration aggravates cerebral ischemia/reperfusion injury. 
(A) The middle cerebral artery occlusion (MCAO) rat model and diethyl succinate (DS) 
administration. (B) 2,3,5-Triphenyltetrazolium chloride (TTC) staining shows that DS 
increases infarct volume after cerebral ischemia/reperfusion injury. The infarcted brain 
tissue of the MCAO rat model appeared white, whereas the normal brain tissue appeared 
red. (C, D) Quantitative results of (C) infarct volume and (D) neurobehavioral scores. Data 
are expressed as the mean ± SD (n = 6 rats/group). **P < 0.01 (unpaired t-test).
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by the Cell Counting Kit-8 (Beyotime Biotechnology). Each experiment (except for dual 
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succinylation in C17.2 cells. 
(A) Cdc42 GTPase activity using a Rac1/Cdc42 activation assay. (B, C) Quantitative 
results of the (B) total Cdc42 and (C) GTP-Cdc42 levels in C17.2 cells treated with 
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of GTP-Cdc42. Data are expressed as the mean ± SD and were analyzed by one-way 
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Succinate receptor GPR91 is unnecessary for inhibition of C17.2 cell 
proliferation by diethyl succinate
We confirmed the expression of the succinate receptor GPR91 in primary 
NSCs. The immunofluorescence assay showed that GPR91 and nestin 
colocalized in primary NSCs (Figure 4A). However, GPR91 expression was 
unaffected after OGD/R or DS treatment (Figure 4B and C). Western blot 
results showed that GPR91 expression was significantly increased in C17.2 
cells after OGD/R compared with that in the negative control group (Figure 
4D). Although DS inhibited cell proliferation, Gpr91 knockdown did not 
reverse cell proliferation inhibited by DS under physiological or OGD/R 
conditions (both P > 0.05; Figure 4E and F). Thus, GPR91 is not necessary for 
inhibition of C17.2 proliferation by DS.

Succinate inhibits GTP-Cdc42 activity by increasing Cdc42 succinylation in 
vitro
Total Cdc42 levels did not change after OGD/R treatment or DS and OGD/
R combined (Figure 5A and B). DS treatment during OGD/R significantly 
inhibited GTP-Cdc42 activity (Figure 5A and C) and increased Cdc42 
succinylation (Figure 5D). To determine whether the succinylation of Cdc42 
affects its GTPase activity, we performed Sirt5 siRNA transfection to increase 
total succinylation levels in C17.2 cells. Cdc42 succinylation was increased in 
C17.2 cells transfected with Sirt5 siRNA, whereas Cdc42 GTPase activity was 
decreased compared with the negative control group (Figure 5E and F). Thus, 
increasing Cdc42 succinylation might contribute to inhibition of Cdc42 GTPase 
activity by DS.

Suppression of Cdc42 GTPase activity inhibits C17.2 proliferation after 
oxygen-glucose deprivation/reoxygenation
The CCK8 assay results showed that OGD/R reduced C17.2 cell proliferation 
compared with that in the negative control group (P < 0.01; Figure 6). DS (1, 
5, and 10 mM) inhibited C17.2 proliferation compared with that in the OGD/
R group (P < 0.05, P < 0.01, and P < 0.01, respectively; Figure 6). ML141 (1, 
5, and 10 mM) inhibited cell proliferation compared with that in the OGD/
R group (P < 0.01, P < 0.01, and P < 0.0001, respectively; Figure 6). Thus, 
under OGD/R, C17.2 cell proliferation inhibited by DS might be caused by 
suppression of Cdc42 activity.
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Discussion
Our study demonstrates that abundant succinate is present in the serum, 
cortex, and hippocampus of MCAO rats. Succinate increases Cdc42 
succinylation, which represses Cdc42 GTPase activity and, in turn, inhibits 
NSC proliferation after cerebral I/R injury. Our data expand the knowledge of 
ischemic accumulation of succinate causing cerebral I/R injury in NSCs.
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Under physiological conditions, circulating levels of succinate range from 2 
to 20 μM, and succinate levels increase exponentially under pathological 
conditions such as I/R injury following myocardial infarction (Kohlhauer et 
al., 2018). Ischemic accumulation of succinate causes reperfusion injury by 
release of mitochondrial reactive oxygen species (Chouchani et al., 2014). We 
detected elevated levels of succinate in serum and brain tissue (cortex and 
hippocampus) in the rat MCAO model, which warranted exploration of the 
effects of tissue-derived succinate on neurological function.

Because NSCs produce a comparable amount of succinate after OGD 
compared to physiological condition, we chose DS, a membrane-permeable 
succinate that increases intracellular succinate (Tannahill et al., 2013; Li et al., 
2017), to study the effects of intracellular succinate on NSCs. As expected, 
DS inhibited NSC proliferation under OGD/R conditions. Furthermore, DS 
increased infarct volumes and neurobehavioral scores in the MCAO rat model, 
showing that DS increases the severity of the MCAO model and that inhibition 
of proliferation by DS is the dominant role in neural damage after I/R injury.

Succinate may function as a metabolic or non-metabolic molecule, depending 
on its distribution (Grimolizzi and Arranz, 2018). In mitochondria, succinate 
plays a crucial role in metabolism and operates in both anabolic and catabolic 
pathways (Tannahill et al., 2013; Kelly and O’Neill, 2015). In the cytosol, 
elevated cytosolic succinate levels may increase protein post-translational 
modifications by addition of succinyl groups to lysine residues (Xie et al., 
2012; Park et al., 2013). Additionally, succinate may be released to the 
extracellular space through plasma membrane transporters of the sodium 
sulfate/carboxylate cotransporter family (Willmes and Birkenfeld, 2013). 
Extracellular succinate affects the surrounding microenvironment by GPR91-
mediated signal transduction (Rubic et al., 2008). Although we did not test 
the effect of succinic acid (extracellular succinate) on NSC proliferation, we 
confirmed that the effect of DS (intracellular succinate) on NSC proliferation 
was not related to GPR91. 

Many cellular processes are controlled by small GTPases of the Rho family, 
including RhoA, Rac1, and Cdc42 (Nobes and Hall, 1995), which each possess 
different functions. Cdc42 activation and I/R injury are related (Yang et al., 
2019). Cdc42 is implicated in the regulation of a variety of biological activities 
in the nervous system, such as cell signaling, cytoskeleton organization, 
establishment of neuron polarity, and regulation of cell morphology, motility, 
and cell cycle progression (Etienne-Manneville and Hall, 2003). The effector 
proteins recognize the activated form of Cdc42 and induce conformational 
changes in Cdc42 (especially changes to the switch I and switch II loops), 
which are critical for activation of the subsequent signaling pathway. GPR91 
is responsible for the biological functions of succinate beyond energy 
production (de Castro Fonseca et al., 2016). We speculated that DS might 
influence the function of GPR91, as GPR91 can bind G proteins such as Gαi 
or Gq. Gαi activation causes the inactivation of Cdc42 (Kedziora et al., 2016; 
Reinhard et al., 2017; Trauelsen et al., 2021). Our results demonstrate that 
DS did not alter total Cdc42 levels after OGD/R exposure, but DS did reduce 
Cdc42 GTPase activity in NSCs. 

Cdc42 activity is also regulated by its various post-translational modifications, 
such as monophosphate adenylation, phosphorylation, glycosylation, and 
lysine succinylation. Lysine succinylation is regulated by SIRT5 (Zhang et al., 
2011; Park et al., 2013) and is an important regulator of cellular processes, 
such as metabolism, inflammation, and microbial infection (Park et al., 
2013; Ren et al., 2018; Yang and Gibson, 2019). Succinylation regulated by 
SIRT5 plays a diverse role in protein activity. The inhibition of mitochondrial 
antiviral-signaling protein activation by SIRT5-induced desuccinylation causes 
impairment of type I interferon production and subsequent impairment 
of antiviral gene expression (Liu et al., 2020). However, Sirt5 knockdown 
increases succinylation and subsequent activity of acyl‐CoA oxidase 1 in 
hepatocellular carcinoma (Chen et al., 2018). Previous reports have not 
determined whether Cdc42 succinylation is also involved in the regulation of 
Cdc42 activity. Thus, to confirm whether Cdc42 succinylation affects Cdc42 
GTPase activity, we increased Cdc42 succinylation by Sirt5 knockdown and 
found that Cdc42 activity was repressed. As expected, decreased Cdc42 
activity using the Cdc42 inhibitor ML141 also inhibited NSC proliferation in a 
comparable manner to DS. Hence, our data support the idea that DS-induced 
Cdc42 succinylation affects Cdc42 GTPase activity, which causes the inhibition 
of NSC proliferation after cerebral I/R injury.

There were some limitations to our study. We did not explore the specific sites 
of succinylation in Cdc42 that were triggered by DS after OGD/R treatment. 
We also did not explore the effects of DS on migration and differentiation, 
which are other factors besides proliferation that relate to neurogenesis, but 
this could be investigated in future studies. 

Our research expands the knowledge of how ischemic accumulation of 
succinate causes reperfusion injury. Unexpectedly, we found that succinate 
inhibits NSC proliferation by succinylation of Cdc42, which is harmful for 
neural recovery after I/R injury. Our data support the idea that modulation of 
succinate levels or Cdc42 activity might be a potential therapeutic target for I/
R injury.
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Additional Figure 1. Experimental design and timeline.
CCK8: Cell counting kit; i.p: intraperitoneal injection; IF: immunofluorescence; MCAO: middle cerebral artery
occlusion; OGD: oxygen-glucose deprivation; WB: western blot.
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Additional Figure 2. Different concentrations of succinic acid (SA) have no effect on C17.2 cell proliferation.
(A) Physiological condition. (B) Oxygen-glucose deprivation (OGD) condition. The experiment was measured by
cell counting kit 8 assay and repeated three times. Data are expressed as the mean ± SD and were analyzed by
one-way analysis of variance followed by Dunnett’s post hoc test.


