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Succinate Dehydrogenase Subunit A (SDHA) Mediated
Microglia Extracellular Traps Formation Participating in
Cerebral Ischemic Reperfusion Injury

Lili Zhao, Tao Li, Meijuan Dang, Ye Li, Jialiang Lu, Ziwei Lu, Zhiyang Chen, Qiao Huang,
Yujie Chen, Yang Yang, Yuxuan Feng, Xiaoya Wang, Yating Jian, Heying Wang,
Yingying Guo, Lei Zhang, Yu Jiang, Songhua Fan, Shengxi Wu, Hong Fan,* Fang Kuang,*
and Guilian Zhang*

Ischemia reperfusion (I/R) injury associated with recanalization therapy in
acute ischemic stroke (AIS) exacerbates the initial brain damage. However, it
remains a clinical challenge due to limited understanding of the underlying
mechanisms of I/R injury. This study aims to investigate the mechanism of
succinate dehydrogenase (SDH)-mediated succinate oxidation in microglia
extracellular traps (MiETs) formation and neuronal injury after cerebra I/R
injury. The results show that microglia are the main cell type producing
extracellular traps (ETs) at 24 h at cerebral parenchyma after cerebral I/R.
Additionally, oxygen glucose deprivation/re-oxygenation (OGD/R) could
induce MiETs formation and increased level of mitochondrial reactive oxygen
species (mtROS). Microglia switches toward glycolysis with enhanced SDH
activity and upregulated expression of SDH subunit A (SDHA) during
MiETosis. Dimethyl malonate (DMM), a competitive SDH inhibitor, could
reduce MiETosis by inhibiting succinate oxidation and mtROS production
during reperfusion. Furthermore, DMM is found to alleviate neuronal injury
after OGD/R exposure and neurological behavior disorders after cerebral I/R,
and the effect is similar to MiETosis inhibitor BB-Cl amidine. These findings
reveal a novel functional state of microglia and the role of succinate oxidation
in MiETosis after cerebral I/R and provide a novel potential target for the
treatment of AIS.
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1. Introduction

Acute ischemic stroke (AIS) is the leading
cause of death and disability worldwide.[1]

Reperfusion therapy has been recom-
mended by guidelines as one of the most
intuitive strategy to reverse ischemic injury
by recanalizing occluded blood vessel.[2]

However, the ischemia-reperfusion (I/R)
injury associated with reperfusion therapy
leads to poor prognosis in nearly half of the
patients with recanalization.[3] Although
the mechanisms of I/R injury are multi-
faceted, neuronal death is the main event
relevant to prognosis.[4] Although apopto-
sis, autophagy and programmed necrosis
has been deeply studied in cerebral I/R
injury, strategies targeted to these forms
of cell death achieved limited effects, indi-
cating that uncovering mechanism of the
upstream events leading to neuronal death
might be a promising alternative.
Microglia, as the principal resident im-

mune cells, is first activated and major im-
mune cell type after AIS.[5] After AIS, mi-
croglia participate in process of neuronal
damage through phenotypic adaptation of
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polarization,[6] autophagy,[7] phagocytosis,[8] pyroptosis,[9] and
ferroptosis.[10] Polarization emerges as the primary transfor-
mation in microglia, yet modulating the polarization phe-
notype of microglia likewise exert a considerable influence
on the progression of central nervous system diseases. The
dead and dying microglia could release excessive neurotoxic
molecules to damage neurons, aggravate the pathological pro-
cess, active microglia and forming a vicious cycle. More-
over, microglia in the peri-infarct area have been previously
shown to be critical for functional recovery in animal stroke
model.[11] Therefore, further studies on death of microglia are
of great significance for neuronal survival and neurological
recovery.
The production and release of extracellular traps (ETs),

termed ETosis, was first described as a suicidal tool to trap
and kill bacteria in neutrophils in 2004.[12] ETosis is a mul-
tistage sequentially developing process, which involves gen-
eration of reactive oxygen species (ROS) and/or mitochon-
dria ROS (mtROS), the translocation of the granular enzymes
neutrophil elastase (NE) and myeloperoxidase (MPO) to the
nucleus, where they promote chromatin decondensation to-
gether with peptidyl arginine deiminase (PAD) citrullinating
histone.[13] ETs are filamentous extracellular web-like struc-
tures of decondensed DNA characterized by the presence of
citrullinated histone H3 (citH3), and cytoplasmic proteins,
such as NE, cathepsin G, MPO and matrix metalloproteinase
(MMP9).[13]

To date, many cell types have been proved undergoing ETo-
sis in specific pathological environment.[14] Microglia was also
reported to undergo MiETosis and formed MiETs within stimu-
lation of listeria, IFN-𝛾 , and dopamine, which played important
roles in glioma,meningitis and spinal cord injury.[15–17] However,
it remains unknown whether MiETs or MiETosis participates in
cerebral I/R injury and how important it is to neuronal survival
in I/R.
In the process of ETs, ROS and/or mtROS plays a central

role in steps like cytoskeletal dynamics and cell activation[18,19]

and contributes to the rupture of nuclear and cell membrane,
which facilities DNA mixing with cytosolic protein and releas-
ing from cell.[20–23] Thus, exploring the key factors influencing
ROS/mtROS production might provide new insights for under-
standing and regulating ETosis. It has been demonstrated that
succinate oxidation could induce large amount ofmtROS by driv-
ing reversal electron transport (RET)during reperfusion,[24–26]

and the production of mtROS by RET is thought to be a cru-
cial trigger for the mitochondrial permeability transition pore
opening, initiating cell death in I/R injury.[11,27] In addition, BV2
cells was reported to experience oxidative phosphorylation (OX-
PHOS) inhibition and glycolysis strengthening, along with suc-
cinate accumulation and ROS generation under hypoxic envi-
ronment stimulation.[28] Therefore, we hypothesize that cere-
bral I/R could induce accumulation and oxidization of succinate
in microglia might mediate MiETs through mtROS production
in cerebral I/R injury. We demonstrated that succinate dehy-
drogenase subunit A (SDHA) could mediate MiETosis through
mtROS production and induce neuronal damage after I/R injury
in vivo and in vitro, indicating that glycosemetabolism regulated
MiETosis may be a novel target for the treatment of ischemic
stroke.

2. Results

2.1. MiETs is the Main Source of ETs in Peri-Infarction Area after
Cerebral I/R at 24 h

We first detected citH3 expression by performing immunofluo-
rescence (IF) to observe the occurrence of MiETosis after cere-
bral I/R in mice. Considering neutrophil was an important cell
type forming ETs in AIS, we use triple staining of Iba1, Ly6G
and citH3 to determine the contribution of microglia and neu-
trophil to ETosis. The result demonstrated that activated mi-
croglia formed a band between normal and ischemic tissue, and
citH3 was expressed in microglia from 12 h to 7 days after cere-
bral I/R (Figure 1A). Quantitative analysis revealed that citH3
positive area, citH3/Iba1-positive cells and citH3/Ly6G-positive
cells were increased from 12 h, peaked at 3 days and decreased at
7 days after cerebral I/R (Figure 1B–D). Only very limited num-
ber of neutrophils was observed in peri-infarction area at 24 h
(Figure 1D), and about 80% of all citH3-labeled cells in the region
were Iba1-positive from 12 h to 7 days post injury (Figure 1E). We
also assessed the expression of citH3 in astrocytes (GFAP+) and
macrophages/monocytes (LY6C/G+) at various time points, indi-
cating 4.72%, 3.18% GFAP/citH3 or Ly6C/G/citH3 double pos-
itive cells at 24 h after cerebral I/R (Figure S1, Supporting In-
formation). Considering the very limited number of ETs from
neutrophils, astrocytes and macrophages/monocytes at 24 h af-
ter cerebral I/R, we choose 24 h as the time point for exami-
nation of MiETosis in subsequent experiments. Given the piv-
otal role of neutrophils in ET formation, we assessed the content
of MiETs after antibody-mediated neutrophil depletion. Notably,
neutrophil depletion reduced citH3 but not MiET levels, suggest-
ing a neutrophil-independent mechanism for MiETs generation
(Figure S2, Supporting Information). We also detected the ex-
pression of MPO, another marker of MiETosis, in microglia, and
the results indicated that the expression ofMPOwas significantly
increased in microglia at 24 h after cerebral I/R (Figure 1F,G).
To further confirm the occurrence of MiETosis after cerebral I/R,
we observed the ultrastructural changes of microglia. The results
revealed decreased chromatin concentration in Iba1-labled mi-
croglia after cerebral I/R (Figure 1H), which are important char-
acteristic of MiETosis. In addition, levels of citH3, MPO, MMP9,
PAD2 and PAD4, were all markedly increased in tMCAO group
(Figure 1I,J). All together, these results suggested that MiETosis
occurred in peri-infarction area after cerebral I/R injury.

2.2. OGD/R Induce MiETosis

We further investigated whether OGD/R could induce MiETo-
sis to explore the mechanism of MiETosis. First, we treated pri-
mary microglia with the varying reperfusion time, and different
concentrations of ETosis inducer A23187 which was applied as
a positive control. As shown in Figure 2A,B, we found that cell
viability was decreased by ≈50% at 12 h after reperfusion and
4 h after A23187 treatment. Subsequently, these two conditions
were selected for subsequent experiment. Changes in nuclear de-
condensation were assessed with imaging flow cytometry (IFC).
A change in nuclear morphology from well-organized to swelled
and fuzzy-looking was regarded as an early marker of neutrophil
undergoing NETosis.[29] This change can be monitored by using
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Figure 1. MiETs is the main source of ETs in peri-infarction area at 24 h after cerebral I/R. A) Immunofluorescence staining for Iba1 (red), Ly6G (cyan)
with citH3 (green) at 12 h and 1, 3, 7 days post cerebral I/R in sham and I/R groups in peri-infarction area. Scale bar = 100 μm. B–E) Quantification
of citH3-positive area, Iba1/citH3 double positive, Ly6G/citH3 double positive and percentage of MiETs (n = 10–14 images from four animals/group,
one-way ANOVA followed by multiple comparisons). F,G) Representative images of immunostaining of MPO (green) with Iba1 (red), and quantification
of MPO/Iba1 double-positive area at 1 day post cerebral I/R (n = 10–12 images from four animals/group, one-way ANOVA followed by multiple
comparisons). H) Immune electron microscopy images of microglia at 24 h after cerebral I/R. Cyan line indicate border of nucleus; blue, red and yellow
arrows indicate colloidal gold particles of Iba1. Scale bar = 0.5 μm. I) The representative picture of immunoblots for citH3, MPO, MMP9, PAD2, PAD4
and 𝛽-actin at 24 h post cerebral I/R. J) Quantification analysis for the immunoblots in (I) (n = 4–6/group, t-test) All data are presented as mean± SD,
*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. OGD/R induced MiETosis in vitro. A) Cell viability of micoglia was detected by CCK-8 assay after OGD (4 h) following re-oxygenation for 6, 12,
24 h, and B) incubation with A23187 (5 μM) for 1, 2, 4, 6 h. C) Representative images of microglia following incubation with the Hoechst 33342 show
the presence of nuclear decondensation at 40 × magnification. Scale bar = 10 μm. D) Quantification of percentage of microglia undergoing nuclear
decondensation. E) Representative images of Iba1, citH3 andMPO triple-stained microglia, and colocalization analysis of MPO, citH3 and DNA in three
group. Scale bar= 50 μmF,G) Quantitative analysis of MPO and citH3mean immunofluorescence intensities (MFI) in each group of microglia. H)MPO,
I) ds-DNA) concentrations in microglia culture supernatant, as detected by ELISA. J) Scanning electron microscopy (SEM) results demonstrated that
microglia released porous, protein-rich extracellular structures following OGD/R treatment. K,L) Representative immunoblot and statistical analysis of
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“Bright Detail Intensity_R3” (BDI_R3) feature in the IDEAS soft-
ware that identifies normal nuclei as high or variable BDI and
low area, and fuzzy, decondensed nuclei as wide areas of low
BDI. The result showed that A23187 and OGD/R induced sig-
nificant increase in the percentage of microglia undergoing nu-
clear decondensation (Figure 2C,D). Using IFmicroscopy, we ob-
servedMiETs—web-like DNA structures co-localizing with citH3
and MPO. Besides, IF analysis showed that A23187 and OGD/R
treatment could significantly induce the expression of citH3 and
MPO in microglia (Figure 2E–G). Meanwhile, the levels of ds-
DNA and MPO were significantly elevated in supernatant of
A23187 and OGD/R-treated microglia (Figure 2H,I). SEM imag-
ing revealed that microglia actively extruded porous, protein-
laden structures upon OGD/R challenge (Figure 2J). Protein lev-
els of citH3,MPO,MMP9, PAD2 and PAD4were significantly in-
creased after A23187 and OGD/R exposure (Figure 2K,L). More-
over, there were significant increase in the level of cytosolic ROS
(Figure S3, Supporting Information) and mtROS (Figure 2M–O)
after OGD/R treatment. The above results indicate a role of Mi-
ETosis in I/R injury.

2.3. Microglia Switch Toward Glycolysis Following I/R

Previous evidences showed that inhibition of glycolysis by
2-Deoxy-D-Glucose (inhibitor of hexokinase2), glucose-6-
phosphate dehydrogenase inhibitor,[30] PFK15 (inhibitor of
fructose-2,6-biphosphatase 3, PFKFB3)[31] could significantly
suppress ETs formation, indicating that glucose metabolism
and its related ROS production was vital for ETosis. Thus, we
supposed that metabolic switch in microglia might involve in
MiETosis. To further elucidate the potential role of glucose
metabolism in MiETosis, we first tried to figure out whether I/R
induced similar metabolic switch inmicroglia after OGD/R treat-
ment. The reprogramming of microglial glucose metabolism
post-OGD/R was evidenced by targeted metabolomics. The re-
sults showed that significant increases in glucose-6-phosphate,
fructose-6-phosphate, phosphoenolpyruvic-acid, pyruvate, 3-
phosphyoglycerate et al. were observed in OGD/R-treated
microglia compared to controls, confirming enhanced gly-
colytic flux. While levels of malate, and succinate remained
unchanged, indicating no compensatory activation of oxida-
tive phosphorylation (Figure 3A). Also, the results indicated
increased levels of glucose uptake shown by 2-NBDG stain-
ing and lactate-dehydrogenase (LDH) activity, and decreased
adenosine-triphosphate (ATP) production in OGD/R treated
microglia (Figure 3B–F). Longitudinal metabolic profiling
showed time-dependent alterations in microglial bioenergetics:
progressive elevation of extracellular acidification rate (ECAR)
during the first 12 h of reperfusion (peaking at 12 h) followed
by normalization at 24 h, while oxygen consumption rate (OCR)
displayed delayed augmentation becoming significant at 12–24
h post-reperfusion (Figure 3G,H). Additionally, protein levels
of glucose transporter type 1 (GLUT1), PFKFB3 and pyruvate

kinase isozyme typeM2 (PKM2), key enzymes of glycolysis, were
also markedly increased (Figure 3I,J). Similarly, the expression
of GLUT1, PFKFB3, and PKM2 were significantly higher in tM-
CAO mice than that in sham group (Figure 3K,L). Meanwhile,
elevated LDH activity and decreased ATP level were detected
in tMCAO mice (Figure 3M,N). These results indicated that
reprogramming of glucose metabolism with enhanced glycolysis
in microglia following I/R. Moreover, the suppression of MiETs
markers by 2-DG (a glycolysis inhibitor) indicates that OGD/R-
triggered metabolic shifts in microglia is critically involved in
MiETosis (Figure S4, Supporting Information).

2.4. Succinate Dehydrogenase Mediated the Oxidation of
Succinate in Microglia at Reperfusion

We next performed LC-MS to figure out the key metabolites in is-
chemia and reperfusion. As shown in Figure 4A,B,H, the relative
abundance of glucose-6-phosphate, fructose-1,6-bisphosphate
and malate had no significant change in MCAO group com-
pared to sham group, while pyruvate, 𝛼-ketoglutarate (𝛼-KG),
and fumarate in peri-infarction tissues decreased after ischemia
(Figure 4C,D,G). Under this condition of glycometabolic sub-
strate depletion, only succinate accumulated in ischemia brain
tissues (Figure 4E) which is considered as a universal metabolic
signature of ischemia.[24] However, the content of succinate had
no significant difference between tMCAO group and sham group
after reperfusion (Figure 4J) companied with elevated level of fu-
marate, malate in tMCAO group (Figure 4K,L), which indicated
that accumulated succinate oxidized by succinate dehydrogenase
(SDH) during reperfusion. Besides, there was no significant dif-
ference in the content of 𝛼-KG in both groups (Figure 4I).
We then examined the activity and expression of SDH in brain

tissue and cultured microglia. The results showed that SDH ac-
tivity was higher in tMCAO group than that in sham group
(Figure 4M). The mRNA levels of SDHA and SDHB were up-
regulated after cerebral I/R (Figure 4N). Given SDHA was the
largest subunit of SDH and contained the binding site of suc-
cinate, we selected SDHA as the primary target for further in-
vestigation. The result of WB analysis revealed an elevated ex-
pression level of SDHA protein in the peri-infarction tissue sub-
sequently to cerebral I/R (Figure 4O,P). The results of double
staining showed that the expression of SDHA was mainly in
Iba1-positive cells. Quantitative analysis revealed that area of both
SDHA- and Iba1-positive cells were significantly increased in
the peri-infarction area after cerebral I/R (Figure 4Q,R). IF anal-
ysis demonstrated that ≈43.10% of SDHA-positive cells were
Iba1-positive, while 21.49% were GFAP-positive and 9.29% were
NEUN-positive (Figure 4S). Our in vitro results further indicated
succinate accumulating after OGD and decreased after reperfu-
sion (Figure 4T), a potentiation of SDH activity alongside an up-
regulation of SDHA subunit mRNA and protein expression level
inmicroglia after OGD/R exposure (Figure 4U–X), indicating the
potential role of SDHA in MiETosis during the reperfusion.

citH3, MPO, MMP9, PAD2, PAD4 and 𝛽-actin after OGD/R exposure. M) Representative images of microglia following incubation with the fluorescent
probe mitoSOX show the production of mtROS at 40 ×magnification. Scale bar = 10 μm. N) Single-color histogram of mitoSOX fluorescence intensity.
All images are representative and were chosen at random. O) Quantification of mean intensities of mitoSOX. All experiments were performed at least
three independent times. All data are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 3. Microglia switched toward glycolysis after OGD/R and cerebral I/R. A) OGD/R induces glycolytic activation and TCA cycle suppression in
microglia (targeted metabolomics). B) Levels of glucose uptake in microglia was stained with 2-NBDG. D) Quantification of MFI of 2-NBDG between
control, and OGD/R groups. E) LDH and F) ATP levels in microglia were detected by ELISA between control, and OGD/R groups. C) Schematic diagram
of enhanced glycolysis in microglia. G) Microglial metabolic dynamics post-reperfusion (ECAR). H) Microglial metabolic dynamics post-reperfusion
(OCR). I,J) The representative immunoblots and statistical analysis of GLUT1, PFKFB3, PKM2 and 𝛽-actin in microglia after OGD/R treatment. All
experiments were performed at least three independent times. K,L) The representative immunoblots and statistical analysis of GLUT1, PFKFB3, PKM2
and 𝛽-actin in tissues from peri-infarction region after cerebral I/R for 24 h (n = 4–6/group, t test). M,N) The content of LDH and ATP in peri-ischemic
core area tissues between Sham and tMCAO group (n = 6/group, t test). All data are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 4. Succinate dehydrogenase mediated the oxidation of succinate in microglia at reperfusion. The relative abundance of A) glucose-6-phosphate,
B) Fructose-1,6-bisphosphate, and C) pyruvate, D) 𝛼-ketoglutarate (𝛼-KG), E) succinate, G) fumarate, H) malate in peri-infarction area in Sham and
MCAO mice. F) Schematic diagram of changes in substrate levels of glucose metabolism (n = 6/group, one-way ANOVA or t test). The content of
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2.5. Inhibition of Succinate Oxidation Suppress MiETosis

SDH mediated succinate oxidation is consider to be the main
source of mtROS production during reperfusion,[32] and the lat-
ter was regarded as a key player in ETosis. Therefore, we sup-
posed that SDH might participated in MiETosis during reper-
fusion. DMM, a competitive inhibitor of SDH, was applied to
explore the effect of succinate oxidation on MiETosis, which
could rapidly hydrolyze to malonate and cross the blood-brain
barrier,[33] and was reported to ameliorate renal I/R injury when
administered at reperfusion.[34] Besides, BB-Cl, an inhibitor of
PADs, could significant inhibit ETosis, which was used as a pos-
itive control.
As shown in Figure 5A, DMM was added into the culture

media at reoxygenation while BB-Cl was always in the system.
First, we found that 20 mM DMM and 2 uM BB-Cl significantly
alleviated the decline of microglia activity induced by OGD/R
(Figure 5B,C). Then, we chose 20 mM DMM and 2 uM BB-Cl
for subsequent experiments. The result showed that 2 uM BB-Cl
could markedly decrease OGD/R induced PAD2 and PAD4 ex-
pression (Figure 5D,E). ELISA and IFC analysis indicated that 20
mM DMM could significant decrease SDH activity and mtROS
level induced by OGD/R (Figure 5C–F). We also observed re-
duced ROS level upon DMM treatment in vitro (Figure S3, Sup-
porting Information). We further found inhibition of succinate
oxidation by DMM and inhibition of PADs by BB-Cl could both
decrease the percentage of microglia with nuclear decondensa-
tion (Figure 5J,K). In addition, DMM and BB-Cl markedly dimin-
ished OGD/R-induced citH3 and MPO expression, as well as ds-
DNA and MPO releasing in culture medium (Figure 5L–P). Fur-
thermore, the protein levels of citH3, MPO, and MMP9 also de-
creased by DMM and BB-Cl when compared with OGD/R group
(Figure 5Q,R). In addition, using PAD2- and PAD4-specific in-
hibitors, we identified PAD2 as a regulator of MiETosis follow-
ing OGD/R (Figure S5, Supporting Information). Also, SDHA
knockdown could attenuateMiETosis induced by OGD/R (Figure
S6, Supporting Information).
We further tested whether DMM or BB-Cl could alleviate Mi-

ETosis after cerebral I/R (Figure 6A). First, the effect and effi-
ciency of inhibition of BB-Cl was verified by western blotting
(Figure 6B,C). Besides, 160 mg/kg of DMM could significantly
inhibit succinate oxidation shown by the decreased SDH activ-
ity, elevated level of succinate, and decreased content of fumarate
(Figure 6D–F). Double staining of citH3 and Iba1 displayed high
numbers of citH3/ Iba1 double positive cells and area in peri-
infarction area of Veh groupmice. Similarly,MPO- and Iba1- pos-
itive area was also high in peri-infarction area of Veh groupmice.
DMM and BB-Cl significantly decreased citH3 and MPO ex-

pression (Figure 6G–K). Western blotting further confirmed that
DMM and BB-Cl significantly inhibited the increase in citH3,
MPO and MMP9 induced by cerebral I/R (Figure 6L,M). Taken
together, these results suggested that SDHA could mediate Mi-
ETosis by regulating succinate oxidation and mtROS production.

2.6. Inhibition of MiETosis Alleviate Neuronal Injury and Promote
Neurological Functional Recovery after Cerebral I/R

We further examined the effect of MiETs on neuronal survival
by CCK8 and PI/Hoechst staining. As shown in Figure 7A,E, we
cultured primary cortical neurons with culture medium of mi-
croglia under various treatment. The results suggested that the
culture medium of A23187 and OGD/R-treated microglia sig-
nificant decreased neuronal activity, and increased ratio of PI-
positive neurons (Figure 7B–D). However, upon treatment with
DMM and BB-Cl, the neurotoxic potential of microglial super-
natants was markedly attenuated in comparison to that observed
in the OGD/R group (Figure 7F–H), indicating protective effect
against neuronal damage by inhibition of MiETosis.
We further studied the influence of inhibiting MiETosis on tis-

sue damage and the recovery of neurological function after I/R
injury in mice. The data of Nissl staining revealed a markedly
decrease in the number of Nissl bodies scattered throughout the
ischemic region in the Veh group compared to the sham group.
While DMM and BB-Cl markedly ameliorated the reduction in
Nissl staining and quantitative analysis showed that numbers of
surviving cells in DMM and BB-Cl groups were significantly in-
creased compared with the Veh group (Figure 8A,B). Similarly,
enzymatic degradation of MiETs by DNase I could also protect
neurons against I/R-induced injury (Figure S7A, Supporting In-
formation). TTC staining showed that DMMandBB-Cl could sig-
nificantly decrease the infarct volume (%) induced by cerebral
I/R injury (Figure 8C,D). These results indicated that DMM and
BB-Cl protected against cerebral I/R-induced neuronal and tissue
damage.
Furthermore, we investigated the effect of DMM and BB-Cl

on functional recovery after cerebral I/R. We first observed the
change of mortality within 14 days after cerebral I/R (Figure 8E).
The results show that 100% of sham group mice survived within
14 days, while only 76.9%% of mice survived for 5 days after
cerebral I/R, compared with 90.0% of mice in the DMM group
and 90.0% of mice in the BB-Cl group. At 14 days, survival rates
dropped to 38.5%, 60.0%, and 60.0% in I/R, DMM, and BB-
Cl groups, respectively. Accordingly, DMM and BB-Cl could re-
duce mortality after cerebral I/R. Longa scores showed signifi-
cantly better neurological recovery in DMM and BB-Cl groups
compared with the Veh group at 5–7 days after cerebral I/R

I) 𝛼-ketoglutarate (𝛼-KG), J) succinate, K) fumarate, L) malate after reperfusion (n = 6/group, one-way ANOVA or t test). M) SDH activity in Sham
and I/R group at 24 h after reperfusion (n = 6/group, t test). (N) mRNA expression of SDH subunits genes SDHA, SDHB, SDHC, SDHD at 24 h post
cerebral I/R in sham and I/R groups (n = 5–8/group, one-way ANOVA or t test). O,P) The representative immunoblots and statistical analysis of SDHA
and 𝛽-actin in tissues from peri-infarction region after cerebral I/R for 24 h (n = 5–7/group, t test). Q–S) Representative images of immunostaining
of SDHA (green) with Iba1, GFAP, NEUN, and quantification of SDHA/Iba1 double-positive area, and percentage of SDHA/Iba1 double-positive area,
SDHA/GFAP double positive area, SDHA/NEUN double positive area at 1 day post cerebral I/R (n = 12–14 images from four animals/group, one-way
ANOVA followed by multiple comparisons). Scale bar = 100 μm. T) The content of succinate at OGD and reperfusion. U) SDH activity in Con and
OGD/R group (t test). V) mRNA expression of SDH subunits genes SDHA, SDHB, SDHC, SDHD after OGD/R exposure (one-way ANOVA or t test).
W,X) The representative immunoblots and statistical analysis of SDHA and 𝛽-actin in microglia after OGD/R treatment. All experiments were performed
at least three independent times. All data are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 5. Inhibition of succinate oxidation and PADsmitigatedOGD/R inducedMiETosis. A) Schematic illustration of the experimental design framework
for this section. B) Cell viability of microglia was detected by CCK-8 assay following incubation with 10, 20, 50mMDMMat re-oxygenation. C) Cell viability
of microglia was detected by CCK-8 assay following incubation with 1, 2 and 5 μM BB-Cl. D,E) The representative immunoblots and statistical analysis
of PAD2, PAD4 and 𝛽-actin in microglia after BB-Cl intervention. F) SDH activity in microglia treated with OGD/R and 20 mM DMM. G) Representative
images of imaging flow cytometry (IFC) results of microglia following incubation with the fluorescent probe mitoSOX show the reduction of mtROS after
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(Figure 8F). We also performed gait analysis with the CatWalk
system after cerebral I/R to objectively evaluate the effect of DMM
and BB-Cl (Figure 8G). Animals in DMM and BB-Cl groups dis-
played significant increases in regularity index (Figure 8H), body
speed (Figure 8I), and paw pressure (including print area, mean
intensity, max contact area, max contact mean intensity, and max
intensity) (Figure 8J,K and Figure S7B–D, Supporting Informa-
tion), as well as significant decreases in swing time (Figure 8L) of
the left forepaw and left hindpaw compared with the Veh group.
Taken together, these results confirm that inhibition of SDHA
significantly ameliorated neurological functional defects and gait
disturbance after cerebral I/R.

3. Discussion

Previous researches had demonstrated several different func-
tional phenotypes of microglia participate in the process of neu-
ronal damage after IS.[35] In this study, we aimed to explore
the role and mechanism of succinate dehydrogenase (SDH)-
mediated succinate oxidation inmicroglia extracellular traps (Mi-
ETs) formation and neuronal injury after cerebral I/R injury. We
demonstrated that cerebral I/R and OGD/R could induce Mi-
ETosis, and as well as enhanced glycolysis, SDH activity, high
expression of SDHA and succinate oxidation in microglia dur-
ing reperfusion. Our data further showed that inhibiting SDHA
could reduce MiETosis by suppressing succinate oxidation and
mtROS production during reperfusion. Furthermore, SDHA in-
hibition was found to alleviate neuronal injury and neurological
behavior disorders after I/R injury. The result of this study in-
dicated that microglia are the main source of ETs in the peri-
infarction area at the first 24 h after cerebral I/R injury, which
is similar to previous result from Arnaud Mansart et al.[15] They
found that CD11b+CD45+citH3+/MPO+ MiETs could be ob-
served within spinal cord tissue 1 day after spinal cord injury.
And MiETs were primarily distributed within a range of 300
μm from the injury center, which is generally consistent with
the range of the peri-infarction region defined in cerebral I/R,
which is ≈500 μm around the ischemic core.[36] Although there
is no study observed the percentage of NETs and MiETs at 24 h,
we can get some supportive evidences from the limited num-
ber of infiltrated neutrophils into cerebral parenchyma follow-
ing reperfusion. A single-cell transcriptomic analysis of the im-
mune cell landscape in themouse brain after tMCAO reveals that
the number of microglia is far more than neutrophils at 24 h
after tMCAO.[37] Our neutrophil depletion experiments further
confirmed this, demonstrating that neutrophils contribute mini-
mally to parenchymal ETs. Kang et al. reported that neutrophils is
the main source of ETosis shown by citH3 positive signal at 72 h
after tMCAO,[38] we proposed that the differences might be due
to the distinct parameters for tMCAO model establishment. It

has been demonstrated that neutrophils are scattered mainly in-
side vascular rather than parenchyma at the first day post cerebral
I/R injury.[39,40] The predominant localization of MiETs within
the peri-ischemic region suggests a potential for direct contact
and immediate effect of microglia on neuronal survival. Given
all that mentioned above, MiETs represent an additional, signif-
icant neural injury mechanism that merits attention and cannot
be overlooked.
Cells undergoing suicidal ETosis immediately die while form-

ing ETs, whereas cells following vital ETosis survive and continue
to function normally.[41] We performed CCK8 to investigate the
effect of OGD/R on microglia activity which implies that OGD/R
induce MiETs formation leading to cell death. Whether there are
vital MiETosis and how long microglia can survive after expelling
their DNA are still unclear and need further investigation.
Listeria-mediatedMiETs was reported to be cytosolic ROS- and

NADPH oxidase (NOX)-dependent,[16] while dopamine-induced
MiET formation is independent of ROS.[17] This discrepancy
could be attributed to pathways involved in ETs formation is
highly stimulus dependent. Instead of ROS, many current inves-
tigations into the underlying mechanisms of ETosis consistently
underscore the pivotal function of mtROS in this process.[42–44]

Mitochondrial ROS scavengers was also reported to dimin-
ish mtROS levels in neutrophils and subsequently suppress
NETosis.[45] In addition, preincubation with the mitochondrial
uncoupler dinitrophenol (DNP) abolished ionomycin-induced
mitochondrial ROS production and MiET release in a dose-
dependent manner.[16] In this study, we found that mtROS is
involved in METosis. However, we also observed increased cy-
tosolic ROS after OGD/R treatment and the level of ROS was
decreased after SDH inhibition (Figure S3, Supporting Informa-
tion). A possible explanation for this might be that mtROS con-
stitutes a subset of cytosolic ROS, implying that fluctuations in
their levels are synchronized. Besides, previous study indicated
that mtROS can stimulate the NOX in vascular endothelium in
vivo which result in increased cytosolic ROS.[46,47] Thus, it could
not be excluded that the contribution of glycolysis such as pen-
tose phosphate (PPP) pathway to ROS. Further investigations are
still needed to figure out its role in MiETosis though the inhibi-
tion of mtROS was sufficient to limit MiETs formation in our
experiment.
Subsequently, we utilized metabolite detection and other

methods to determine the origin of ROS/mtROS. Our results in-
dicated that during cerebral ischemia, the levels of most glucose
metabolites decreased due to insufficient substrate availability,
whereas succinate accumulated in brain tissue and declined af-
ter reperfusion. This observation is consistent with the work con-
ducted by Thomas Krieg et al., who observed the accumulation of
succinate during ischemia and its oxidation during reperfusion
in bothmouse and human brain tissues throughmass spectrom-

DMM treatment. Scale bar = 10 μm. H) Single-color histogram of mitoSOX fluorescence intensity in Con, OGD/R, and DMM groups. All images are
representative and were chosen at random. I) Quantification of mean intensities of mitoSOX in the three groups. J) Representative images of microglia
following incubation with the Hoechst 33342 show the presence of nuclear decondensation at 40 ×magnification. Scale bar = 10 μm. K) Quantification
of percentage of microglia undergoing nuclear decondensation in Con, OGD/R, DMM and BB-Cl groups. L) Representative images of Iba1, citH3 and
MPO triple-stained microglia in four group. Scale bar = 50 μm. M, N) Quantitative analysis of MPO and citH3 mean immunofluorescence intensities
(MFI) in each group of O) microglia. ds-DNA, P) MPO concentrations in microglia culture supernatant, as detected by ELISA. Q,R) Representative
immunoblot and statistical analysis of citH3, MPO, MMP9 and 𝛽-actin after DMM and BB-Cl treatment. All experiments were performed at least three
independent times. All data are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 6. MiETosis was suppressed after inhibition of succinate oxidation and PADs in vivo. A) Schematic illustration of the experimental design frame-
work for this section. B,C) The representative immunoblots and statistical analysis of PAD2, PAD4 and 𝛽-actin in peri-infarction tissues in Sham, Veh,
and BB-Cl groups (n= 4/group, t test). D) SDH activity in peri-infarction tissues in Sham, Veh, and DMMgroups (n= 6/group, one-way ANOVA followed
by multiple comparisons). The content of E) succinate, F) fumarate in mice treated with DMM (n = 5/group, one-way ANOVA followed by multiple com-
parisons). G–K) Representative images of citH3/Iba1 double staining, MPO/Iba1 double-staining in each group of microglia and quantification analysis
of citH3/Iba1 double positive, MPO/Iba1 double positive area (n = 10–13 images from four animals/group, one-way ANOVA followed by multiple
comparisons) and MPO/Iba1 double positive area (n = 11–12 images from four animals/group, one-way ANOVA followed by multiple comparisons).
L) Representative bands of citH3, MPO, and MMP9. M) Quantitative analysis of citH3, MPO, and MMP9 protein expression (n = 4–5/group, one-way
ANOVA followed by multiple comparisons). All data are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.

etry imaging.[48] The accumulation of succinate is a hallmark of
ischemia[24,49,50] and is proposed to occur via the reversal of ac-
tivity of SDH driven by a highly reduced Co-Q pool.,[24,51] and/or
canonical Krebs’ cycle activity.[52] Upon reperfusion, SDH rapidly
oxidizes succinate back to fumarate, driving RET and generating
mtROS.[53] This underscores the crucial role of SDH and succi-
nate oxidation in the intricate pathophysiology of I/R injury. Fur-
thermore, our investigation unveiled that SDHA, a pivotal sub-

unit of SDH regulating succinate metabolism following cerebral
I/R, is predominantly overexpressed in microglia. This evidence
implies thatmicrogliamay serve as the primary source ofmtROS
generation post-I/R, potentially triggering MiETosis within these
cells. Our in vitro experiments further confirmed this hypothesis.
The role of succinate oxidation in MiETosis was further con-

firmed by the results that DMM administration during reperfu-
sion significantly decreased SDH activity in I/R brain tissue and
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Figure 7. Inhibition of MiETs formation protected neuron from injury in vitro. A,E) Schematic illustration of the experimental design framework for this
section. B) Cell viability of neurons was detected by CCK-8 assay after incubation with supernatant from microglia in Con, A23187 and OGD/R groups.
C) PI-Hoechst double-stained neurons treated with four types of microglia culture medium. D) Quantification of PI/Hoechst double-positive cells. Scale
bar = 50 μm. F) Cell viability of neurons was detected by CCK-8 assay after incubation with supernatant frommicroglia in Con, OGD/R, BB-Cl, and DMM
groups. G) PI-Hoechst double-stained neurons treated with five types of microglia culture medium. H) Quantification of PI/Hoechst double-positive
cells in these five groups. Scale bar = 50 μm. All experiments were performed at least three independent times. All data are presented as mean± SD,
*p< 0.05, **p< 0.01, ***p< 0.001.

microglia, reduced mtROS levels and diminished the occurrence
of MiETosis. The protective effect of succinate oxidation inhibi-
tion was proved by several researches which demonstrated that
administering SDH inhibitors during reperfusion can inhibit the
production of mtROS by suppressing succinate oxidation in car-
diomyocytes and kidney, thereby protecting these organs during
I/R injury.[24,34,54,55]However, there is only one study examined
the effect of SDH inhibition on NETs formation which displayed
that 10 mM DMM could significantly reduce mtROS production
and diminish NET formation when neutrophils were cultured
with T. gondii.[56] Despite of different stimuli and cell type, this
study still provides support for our findings.

We further found that the supernatant of microglia treated
with OGD/R and A23187 could damage primary neurons. Af-
ter inhibiting MiETosis with DMM and BB-Cl, the effect of their
supernatant on inducing neuronal death was significantly re-
duced, suggesting that the occurrence of MiETosis may be one
of the mechanisms of neurological injury after cerebral I/R. In
vivo experimental results showed that DMM treatment signifi-
cantly reduced neuronal death in the ischemic area, reduced in-
farct volume, and promoted neurological functional recovery in
mice after cerebral I/R mice. These indicates that targeting Mi-
ETosis is beneficial for reducing cerebral I/R injury. Currently,
most studies suggest that ETs possess tissue and cell toxicity,

Adv. Sci. 2025, 12, e11873 e11873 (12 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 8. Inhibition of MiETosis by DMM or BB-Cl alleviate neuronal injury and promote neurological functional recovery after cerebral I/R. A,B) Repre-
sentative images of Nissl staining and quantification of surviving cells among sham, Veh, DMM, and BB-Cl groups. Scale bar = 1mm in the upper panel
and scale bar = 20 μm in the lower panel (n = 21 images from six animals/group, one-way ANOVA followed by multiple comparisons). C,D) Represen-
tative images of TTC staining and quantitative analysis of the percentage of infarct volume relative to total cerebral volume among sham, Veh, DMM,
and BB-Cl groups 24 h after cerebral I/R (n = 8/group, one-way ANOVA followed by multiple comparisons). E) Survival curves of sham, Veh, DMM, and
BB-Cl groups during the 14-day observation period. Mortality data for the sham group was significantly differences from the other groups, *P< 0.05 as
determined by Log-rank (Mantel-Cox) test. F) Neurological changes were observed by Longa neurological scores among sham, Veh, DMM, and BB-Cl
groups from 1–14 days. G) A diagrammatic sketch marked with footprints and footprint intensity of the sham group. DMM, and BB-Cl significantly
increased H) body regularity index, I) body speed, J) print area, K) mean intensity, and L) swing time of the left forepaw and left hindpaw compared with
the Veh group. n = 10–13/group at the beginning, two-way ANOVA (Bonferroni’s multiple comparison test). LF: left forepaw, LH: left hindpaw. All data
are presented as mean± SD, *p< 0.05, **p< 0.01, ***p< 0.001.
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as evidenced by their involvement in thrombosis,[57] acute kid-
ney injury,[58] acute lung injury,[59] asthma,[60] promoting the on-
set and progression of atherosclerosis,[61] and delayed wound
healing.[62] This is primarily related to their mechanisms of oc-
currence and components. Besides ETosis, ROS/mtROS them-
selves can cause cellular and tissue damage.[63] Furthermore,
several components of ETs, including DNA,[64] myeloperoxidase
(MPO)[65] and histones,[66] are cytotoxic. Therefore, inhibiting
the occurrence of ETosis or eliminating ETs can both alleviate
cellular and tissue damage to a certain extent. For instance, Cl-
amidine (a PADs inhibitor) can reduce liver I/R injury by decreas-
ing macrophage extracellular traps.[67] Additionally, administra-
tion of DNase I to degrade eosinophils extracellular traps (EETs)
in the airways of patients with allergic asthma can reduce the vis-
cosity of their sputum and prevent disease progression.[60]

The current investigation was constrained by certain limita-
tions. One limitation of the study was that we use immunoflu-
orescence to validate the contribution of microglia to ETosis.
Other technology like flow cytometry, intravital imaging may fur-
ther strengthen the importance of MiETs. Furthermore, our in-
vestigation demonstrated that succinate oxidation, dependent on
SDH, significantly promoted MiETosis in the microglia during
I/R, thereby leading to neurological injury. However, the possi-
bility of other mechanisms involved in MiETosis, such as cal-
cium overload, endoplasmic reticulum stress et al. induced by
ischemia-reperfusion injury, cannot be excluded. It has been re-
ported that calcium influx could activate PADs and promote ex-
tracellular trap (ET) formation.[68] Nevertheless, the underlying
mechanism for calcium influx still remains elusive. Our result of
immune electron microscopy showed that gold particles of Iba1
mainly translocated into euchromatic region of nucleus of mi-
croglia after cerebral ischemic injury. As a calcium-binding pro-
tein, involvement of Iba1 in regulating nuclear calcium signal
during MiETosis deserves further exploration.
In conclusion, our findings show that succinate oxidation me-

diated MiETosis act as an important mechanism of cerebral IR
injury. Moreover, the rapid oxidation of succinate by SDHmay be
inhibited by the administration of DMM on reperfusion, leading
to a reduction in mitochondrial ROS production and the occur-
rence of MiETosis which may be a novel strategy for treatment of
ischemic stroke.

4. Experimental Section
Animals and Experimental Protocol: Adult male C57BL/6 mice (20–

25 g, 6–8 weeks) and Sprague-Dawley rats (250–300 g, 6–8 weeks) were
housed in a pathogen-free facility with a 12 h light/dark cycle and allowed
free access to food and water. Rats were randomly assigned to the middle
cerebral artery occlusion (MCAO) group or sham group and underwent
metabolomics analysis after surgery.

Dimethyl malonate (DMM) or BB-Cl-Amidine hydrochloride (BB-Cl)
to assess the influence of succinate oxidization and MiETosis on cere-
bral I/R damage in mice. DMM (D806604, Macklin, Shanghai, China)
and BB-Cl (HY-111347A, MedChemExpress, Monmouth Junction, NJ,
USA) were dissolved in a vehicle buffer (Veh) containing saline, 1%
dimethyl sulfoxide (DMSO, D2650, Sigma-Aldrich) and the final vol-
ume is 200ul. DMM was injected intraperitoneally (i.p.) at a dosage of
160mg kg−1, 30 min before reperfusion, as previously described.[34,54]

BB-Cl was administered i.p. at a dosage of 1mg kg−1, 30 min before
surgery.[69,70] Mice were randomly divided into five groups: (1) sham

groupmice underwent surgery without transient MCAO (tMCAO), (2) tM-
CAO group mice received tMCAO, (3) Veh group mice underwent tM-
CAO and received Veh, (4) DMM group mice underwent tMCAO and
received DMM, and (5) BB-Cl group mice underwent tMCAO and re-
ceived BB-Cl. Ly6G+ cell depletion was induced with anti-Ly6G mAb clone
1A8 (BioXcell, USA) injected at 0.5 mg i.p. on days –3, –2, and –1 rela-
tive to model establishment as previously described.[71]DNase-I (50 μg
in 250 μL of normal saline i.p. and 10 μg in 250 μL of normal saline as
a second dose intravenously) or the vehicle was injected into mice bod-
ies 3 h after tMCAO induction, as the previous research described.[72]

All animal experiments were approved by the Committee on the Ethics
of Animal Experiments of the College of Medicine, Xi’an Jiaotong Uni-
versity and followed National Research Council Guidelines (No. 2019–
218).

MCAO and tMCAO Model: MCAO and cerebral I/R models were es-
tablished as previously described.[73,74] Rats or mice were anesthetized
with isoflurane (5% for induction and 1.5% for maintenance) and their
core temperature maintained at 36.0 ± 0.5 °C throughout the proce-
dure using a homeothermic heat mat (GE0-20W, GLOBALEBIO, Beijing,
China). A silicon rubber-coated nylon monofilament (3600, Guangzhou
Jialing Biotechnology, Guangzhou, China) is inserted into the middle
cerebral artery (MCA) via right internal carotid artery (ICA) in rats to
establish MCAO model. For tMCAO model, a 3-0 nylon monofilament
wire (MSMC21B120PK50, RWD Life Science, Shenzhen, China) was in-
serted from the right external carotid artery into the right ICA and ad-
vanced MCA in mice. At 60 min after MCAO, the brain was reper-
fused by the withdrawal of the intraluminal suture. And the sham group
underwent the same procedures except for insertion of the monofila-
ment. When animals fully awake after surgery, their neurological defi-
ciency were initially examined according to Longa’s five-tiered grading sys-
tem. Animals with 1–3 points of Longa score were considered successful
models.[75]

Tissue Sample Preparation: 1% pentobarbital sodium (100mg kg−1.
i.p.) was used to anesthetize animals at the indicated time points. For tis-
sue sampling, tissue in ischemic border was rapidly separated and placed
in Eppendorf tubes which was stored at −80 °C. The peri-infarction area
was defined as the ≈500-μm-wide region that surrounds the core.[76] To
prepare frozen section, mice were first subjected to phosphate-buffered
saline (PBS, 0.01M) transcardiac perfusion followed by 40mL of 4%
paraformaldehyde (PFA). Next, brains were removed and postfixed in 4%
PFA, followed by dehydration in 30% sucrose. After embedding in OCT
compound (4583, Sakura, CA, USA). After a quick freeze and fixation,
brains were sectioned (Leica CM1950 Cryostat, Wetzlar, Germany) at the
thickness of 20 um.

LC-MS and GC-MS Analysis of Metabolomics: Rat brain samples were
harvested 4.5 h after operation in each of the MCAO and sham groups (six
rats per group). Liquid chromatography-mass spectrometry (LC-MS) and
gas chromatography-mass spectrometry (GC-MS) were performed as we
previously described.[77,78]

Extraction ofMetabolites: Mouse brain samples were harvest 24 h after
surgery in each group, weighed on dry ice and placed in pre-chilled Eppen-
dorf tube (six mice per group). Next, 1.5 mL extraction buffer (50% [v/v]
methanol, 50% [v/v] ultrapure water, was added to the Eppendorf tubes
and the tissue was homogenized using a tissue homogenizer (25Hz, 5
min; Thermo Fisher Scientific, Waltham, MA, USA). Samples were then
centrifuged at 16,000 g at 4 °C for 10 min and the supernatant was col-
lected and the supernatant was transferred to new pre-chilled Eppendorf
tube and were stored at−80 °C until quantification of metabolites by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

LC-MS/MS Quantification of Succinate and other TCA Metabolites: To
quantify succinate and other TCA metabolites a LCMS-8060 mass spec-
trometer (Shimadzu, UK) with a Nexera X2 UHPLC system (Shimadzu,
UK) was used as described before.[79] Briefly, metabolites were separated
using a SeQuant ZIC-HILIC column (3.5 um, 100 Å, 150 × 2.1 mm, 30 °C
column temperature; MerckMillipore, UK) with a ZIC-HILIC guard column
(200 Å, 1 × 5 mm) at a flow rate of 200 μL min−1 with mobile phases of A)
10mM ammonium bicarbonate and B) 100% acetonitrile. TheMSwas op-
erated in negative ionmode withmultiple reactionmonitoring (MRM) and
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spectra acquired using Labsolutions software (Shimadzu, UK). Succinate
and malonate were quantified using standard curves relative to succinate,
fumarate, malonate, 𝛼-ketoglutarate and oxaloacetate internal standard.

Real-Time Quantitative Polymerase Chain Reaction: Total RNA was ex-
tracted and purified from cultured cells or tissues using TRizol (15596018,
Life Technologies, Waltham, MA, USA). Then, the RNA of each group
was reverse transcribed into cDNA using PrimeScriptTM RT reagent Kit
(RR036A-1, Takara, Kusatsu, Japan). Quantitative RT-qPCR was performed
by a Bio-Rad CFX system (Hercules, CA, USA) using SYBR Green Master
Mix (RR820A, Takara). All gene expression values were normalized to 𝛽-
actin mRNA levels in each sample using the 2−∆∆Ct method. Primer se-
quences are listed in Table S1, Supporting Information.

Western Blot: Brain tissues and cell were lysed in RIPA buffer (Bey-
otime, Shanghai, China) containing protease inhibitor (MilliporeSigma,
Billerica, MA, America) and phosphatase inhibitor (MilliporeSigma, Bil-
lerica, MA, America). The total protein concentration in supernatant was
determined by a BCA protein assay kit (Beyotime, Shanghai, China).
Aliquots of homogenate with equal protein concentration were separated
by sodium dodecyl sulfate-polyacrylamide gel and then transferred to
polyvinyl difluoramine membrane. After blocking in 5% non-fat milk for 2
h at room temperature, the membranes were then incubated with primary
antibodies overnight at 4 °C, including: citrullinated histone h3 (citH3,
ab5103, 1:1000, Abcam, Cambridge, UK), MPO (AF3667, 5 μgmL−1, R&D,
Minnesota, USA), MMP9 (GTX100458, 1:1000, GeneTex, Irving, Califor-
nia, USA), PAD2 (12110-1-AP, 1:1000, Protientec, Rosemont, IL, USA),
PAD4 (DF6685, 1:1000, Affinity, Jiangsu, China), glucose transporter type
1 (GLUT1, ab115730, 1:10 000, Abcam), pyruvate kinase isozyme type
M2 (PKM2, 25659-1-AP, 1:5000, Proteintec), 6-Phosphofructo-2-Kinase
(PFKFB3, 13763-1-AP, 1:1000, Proteintec), SDHA (ab14715, 1:10 000,
Abcam) and 𝛽-actin (A5441, 1:10 000, Sigma-Aldrich) After incubation
with appropriate horseradish peroxidase-conjugated secondary antibod-
ies (31458, SA1-100, PA1-28664, 1:2000, Thermo Fihser Scientific) for 2 h,
bands were developed and visualized using VisionWorks (Analytik Jena,
Jena, Germany). The results were analyzed with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry: Brain sections were washedwith PBS followed
by blocking with blocking solution (10% donkey serum, 0.5% bovine
serum albumin (BSA), and 0.25% Triton X-100 in PBS) for 1 h, then in-
cubated with the primary antibody at 4 °C overnight. The following pri-
mary antibodies and dilutions were used: ionized calcium binding adaptor
molecule 1 (Iba1, 011–27991/019-19741, 1:500, Wako, Tokyo, Japan), neu-
ronal nuclei (OB-PRT013, 1:500, Oasisbiofarm, Las Vegas, NV, USA), glial
fibrillary acidic protein (GFAP, ab4674, 1:300, Abcam), lymphocyte antigen
6 family member G (Ly6G, ab25377, 1:400, Abcam), Ly6G/C (14-5931-82,
1:300, Invitrogen), citH3 (1:400), MPO (ab25989, 1:300, Abcam), SDHA
(1:1000). The brain sections were incubated with corresponding Alexa
Fluor 594-, Alexa Fluor 488-, or Alexa Fluor 647-labeled secondary antibod-
ies for 2 h at room temperature in the dark the next day. The nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI, D9564, Sigma-
Aldrich) for 10min. Then slides were washed three timeswith PBS and cov-
ered using 50% glycerol in PBS. Confocal fluorescence microscopy (Olym-
pus FV3000, Tokyo, Japan and VS200, Olympus, Tokyo, Japan) was used to
capture images. ImageJ software was used to quantitatively analyzed im-
ages. The image processing software Imaris was used to reconstruct 3D
images and quantitatively analyzed. Sections from four animals in each
group were immunohistochemically stained and used for double- or triple-
labeling experiments.

Measurement of SDH, LDH and ATP: To quantify activity of SDH, lac-
tate dehydrogenase (LDH), and level of adenosine 5’-triphosphate (ATP),
tissues, and cells were collected and assayed with kits according to the
manufacturer’s instructions. Samples were homogenized after reperfu-
sion or culture. After centrifuging at 4 °C and 1.2 × 104 g for 10min, the
supernatant of samples was used to detect activity of SDH (BC0950, So-
larbio, Beijing, China), LDH (A020-2-2, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and ATP levels (S0027; Beyotime Biotechnol-
ogy, Haimen, China). Besides, the total protein concentration was deter-
mined by a BCA protein assay kit and used to standardize levels of SDH,
LDH and ATP.

Primary Microglia Culture: Primary microglia were isolated and pu-
rified from 1-2-day-old C57BL/ 6J mice as described previously.[80] In
brief, brain membrane was removed and cerebral cortex was digested
with 0.25% tripsin EDTA for 10 min. Then, we added the same amount
of DMEM medium containing 10% FBS to terminate the digestion. The
cell pellet was resuspended in high glucose Dulbecco’s Modified Ea-
gle Medium (DMEM) supplemented with 100 IU mL−1 penicillin, 100
ug mL−1 streptomycin, and 10% fetal bovine serum (FBS). Cells were
seeded in a 75-cm2 culture flask andmaintained at 37 °C in a humidified in-
cubator with 5% CO2. At the third day, the culture medium was changed.
Microglia was harvest from cultured medium at about 10–12 day when
microglia became matured and floated in the medium. The primary mi-
croglia were cultured in 90% DMEM, 10% FBS, 100 IU mL−1 penicillin,
100 ug mL−1 streptomycin at 37 °C in a humidified atmosphere of 5%
CO2.

OGD/R and Drugs Treatment: OGD experiments were performed us-
ing an incubator (Theremofisher Scientific) with a premixed gas (95% N2,
5% CO2) kept at 37 °C. Briefly, microglia were cultured with glucose-free
medium and was placed into the hypoxia chamber for 4 h. After OGD,
the cells were perfused by DMEM with glucose and transferred to a 5%
CO2-95% O2 air incubator for a relative amount of time. A23187 (10mM,
52665-69-7; MedChemExpress) stock solutions were dissolved in DMSO
at a storage concentration. This reagent was added into the medium for
4 h at 5 uM to induce MiETosis in vitro. Cells were treated with BB-Cl (2
uM, dissolved in DMSO), GSK484 (HY-100514, 5 uM,MedChemExpress),
PAD-IN-2/AFM32a (HY-136557, 5 uM, MedChemExpress) at the same
time with OGD/R. DMM (20 mM, dissolved in DMSO) and 2-DG (HY-
13966, 0.5 mM, MedChemExpress) was added when microglia were per-
fused with DMEM and oxygen. The control group was cultured in medium
containing 0.004% DMSO for the same time with other groups.

Cell Viability: Microglia were seeded onto 96-well plates (6 × 103 cells
per well), and their viability was assessed after treatment using a Cell
Counting Kit-8 (CCK-8) assay (IC1519, InCellGene, USA). Briefly, 10 uL of
reagent was added into 100 uL medium and incubated with cells at 37 °C
for 1 h and then the absorbance was measured at 450 nm by a multimode
microplate reader (Tecan Infinite M200). As for the viability of neurons de-
tection, after treatment the medium was discard and new medium was
added into the plates. After another 24 h, the culture supernatant was col-
lected and added into the medium of neurons and cultured for 24 h. Then
CCK-8 test was performed.

Immunocytochemistry: Cells were grown on cell glass slides, rinsed
with PBS, fixed with 4% PFA, and washed with PBS for three times. Next,
the slides were blocked with 3% BSA with 0.3% Triton X-100 for 1 h at
room temperature, and incubated with the following primary antibodies
overnight at 4 °C: Iba1, citH3, MPO (ab90810,1:1000, Abcam), and SDHA.
After washing slides with PBS for three times, they were incubated with
corresponding secondary antibodies (1 h) and DAPI (5 min) in the dark at
room temperature. Finally, slides were mounted with glycerol and imaged
using a confocal microscope (Olympus FV 3000).

Scanning Electron Microscopy: Microglia was collected after treatment
and then was treated with fixation, dehydration, mounting & coating and
finally image acquisition.

Imaging Flow Cytometry of Hoechst and MitoSOX: Cells were seeded
onto 6-well plates (1 × 105 per well). Following all interventions, microglia
was first washed with PBS for two times, and incubated with Hoechst
33342 (5 ug mL−1, C1011, Beyotime) for 10 min or mitoSOX (0.5 uM,
M36009, Thermo Fisher Scientific) for 30 min in dark in 37 °C. Microglia
was washed with PBS for three times and digested with 0.25% tripsin
EDTA for 5 min. We added the same amount of DMEM medium contain-
ing 10% FBS to terminate the digestion. The cell pellet was resuspended
in pre-chilled PBS and analyzed on an Amnis ImageStreamX (Luminex,
Austin, TX, USA) flow cytometer.[81,82] Imaging flow cytometry with a 405
nm laser (200 mW) was used for detection, while channel with emission
wavelength of 450 nm (Ch09) and 610 nm (Ch05) were used to collec-
tion and analyzation. The sample flow rate was set to medium with 40 ×
magnification. Single cells were gated based on Area_M01 versus Aspect
Ratio _M01 (i.e., size vs. circularity). A region (R1) was created to gate
for a single population. At least 1 × 104 events were recorded in R1 for
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every sample. Collected data were analyzed using ImageStream Data Ex-
ploration and Analysis Software (Luminex). The results of flow cytometric
analysis of Hoechst (Ch09) and mitoSOX are expressed in mean area and
mean fluorescence intensity (MFI).

Measurement of ECAR and OCR: Cells were plated in plates provided
by manufacture at 2 × 105 cells well−1 and then were treated with different
reperfusion time. Kits of ECAR (E-BC-F069, Elabscience) and OCR (E-BC-
F068, Elabscience) was used to detect the change of ECAR and OCR of
microglia at different time point according to the manufacturer’s instruc-
tion. Cells were maintained at 37 °C in normal growth medium without
serum during tests.

Measurement of Cytosolic ROS with DCFH-DA Staining: Following all
interventions, microglia grown in confocal dishes were stained with 10 uM
DCFH-DA (S0033S, Beyotime) for 30min at 37 °C. Cytosolic ROS levels in
primary microglia were analyzed using a confocal microscope (Olympus
FV 3000) and were assessed as MFI of the 488-nm excitation channel.

PI/Hoechst Staining: Cells were grown in confocal dishes and treated
with different reagents as described above. After washing cells with PBS,
Hoechst 33342 and PI were added to the culture medium at final con-
centrations of 2 and 5 ug mL−1, respectively, and cells were incubated at
37 °C for 15 min. Next, cells were washed and immediately observed and
imaged with a confocal microscope (Olympus FV 3000). Finally, the rate
of cell death was calculated by determining the PI+/Hoechst+ ratio.

2-NBDG Uptake: Primary microglia were seeded into 96 well plates
overnight. After treatment, replace the medium with a colorless and
glucose-free medium containing 100 ug mL−1 2-NBDG (see the key re-
sources table). And the relative fluorescence intensities of the 0th and 30th
min of each well were recognized by microplate reader. The difference in
fluorescence intensities between the two time points was calculated as an
index of microglial glucose uptake ability.

Lentiviral Transduction: The sh-SDHA-GFP lentivirus targeting the
mouse SDHA was prepared by OBiO Technology Corp.,Ltd (Shanghai,
China). Lentivirus expressing scramble shRNA (vector) was used as a neg-
ative control. For lentivirus transduction, primary microglia were seeded
on plates or dishes as above. The next days post seeding, the medium
was removed and added the fresh medium containing sh-SDHA or vec-
tor lentivirus at a certain multiplicity of infection (MOI). 18 h post-
transduction, the medium containing lentivirus was replaced with a fresh
culture medium. Transduced microglias were incubated for 3 days and
then harvested to detect the transduction efficiency. The efficiency of Lenti-
sh-SDHA was validated by qRT-PCR and Western blotting. Finally, based
on the pre-experimental results, an MOI of 60 was selected to continue
transduction and used for subsequent observation and analysis. The se-
quences of shRNA were provided in Table S2, Supporting Information.

Assessment of Neurological Deficits: Longa score was used to evaluate
the neurological functions of mice in each group at 1, 3, 5, 7 and 14 days
after reperfusion.[83] Assessments were performed by a blinded observer
and then confirmed by another blinded observer.

CatWalk XT Gait Test: To assess functional impairment and recovery,
mice underwent a CatWalk XT automated quantitative gait analysis (Cat-
Walk XT, Noldus, Wageningen, Netherlands) at 1, 3, 5, 7, and 14 days af-
ter reperfusion, and were trained 3 days before surgery as previously de-
scribed. Briefly, mice paw prints were captured by a highspeed camera set
underneath a long narrow walkway when the mice passed. Mice always
traversed from left to right and crossed the walkway to reach their home-
cage which was putted in a dark chamber. Three consecutive trials were
performed for each animal. Images from each trial were digitized and an-
alyzed by Catwalk-XT software (Noldus).

Infarct Volume Assessment: The infarct volume was detected by using
2,3,5-Triphenyltetrazolium chloride (TTC, T8877, Sigma-Aldrich). Briefly,
mice were anesthetized and their fresh brains were removed at 24 h af-
ter reperfusion. Subsequently, each brain was cut into slices of 1mm and
incubated with 1% TTC at 37 °C for 10 min and then fixed in 4% PFA for
30 min. The percentage of infarct volume was calculated according to the
formula: cerebral infarction volume/total cerebral volume × 100%.

Nissl Staining: Nissl staining solution (C0117, Beyotime) was used to
stain the Nissl body of the brain slices according to the manufacturer’s in-
struction. A bluish-purple color was observed to display the basic nervous

structure of the brain. Histological changes were observed with a VS200
microscope (Olympus) to assess neuronal damage and ImageJ software
was used to analyze stained cells.

Transmission Electron Microscopy and Immunodetection: At 24 h after
reperfusion, mice (n = 3 each group) were killed and brain tissue samples
were fixed for 1 h at 4 °C in 0.05% (v/v) glutaraldehyde and 2% (v/v) PFA,
rinsed in 0.1 mol L−1 phosphate buffer (pH 7.4), then post-fixed for 24 h at
4 °C. Ultrathin sections (100 um) of peri-infarction region were made with
a vibratome (Leica, Wetzlar, Germany) and blocked by 5% BSA and 0.05%
Triton-X at room temperature for 3 h. Ultrathin brain sections were incu-
bated with the anti-Iba1 antibodies (Wako, Japan) at a 1:300 dilution. After
repetitive rinses, they were incubated overnight at room temperature with
gold-labeled (15 nm) secondary anti-mouse IgG (Amersham, UK) diluted
1:50. Then the slices were putted into silver nitrate solution and incubated
in dark for 15min. After repetitive rinses, the slices were putted intoOsmic
acid for 2 h and dehydrated in a graded series of ethanol (50%, 70%, 80%,
90%, 95%, and 100%). After staining samples with uranyl acetate and lead
citrate, images were taken using an electronmicroscope (JEM-1230; JEOL,
Tokyo, Japan).

Statistics: All statistical analyses were performed using GraphPad
Prism 9 software (GraphPad Software, San Diego, CA, USA). Data are
presented as the mean± standard deviation (SD). Independent sample
two-tailed Student’s t-test and Wilcoxon tests were used to analyze the
two groups. For multiple comparisons, one-way ANOVA was performed,
followed by Tukey’s post hoc test. Assessment of neurological scores and
gait test results were analyzed by two-way repeatedmeasures ANOVA. Cu-
mulative survival rates were compared among the four groups using the
Kaplan–Meier method and log-rank tests. All experiments were performed
at least three independent times. A value of p< 0.05 was used to indicate
statistical significance.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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