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Abstract 
Background: 
Ischemic stroke triggers profound metabolic disturbance and oxidative stress following 
ischemia–reperfusion, driving secondary neuroinflammation and neuronal injury. 
Succinate rapidly accumulates under ischemic conditions, yet its active role and receptor-
mediated mechanisms in post-stroke inflammation remain unclear. 
Methods: 
We integrated targeted metabolomics, clinical association analyses, and mechanistic 
studies in mouse ischemia–reperfusion models and primary microglia. Genetic and 
pharmacological approaches, transcriptomic profiling, and extracellular flux analyses were 
employed to dissect succinate-mediated signaling pathways. A targeted nanoparticle-
based delivery system was used to selectively inhibit succinate metabolism in microglia in 
vivo. 
Results: 
Succinate robustly accumulated in ischemic brain tissue and in the circulation of stroke 
patients, where elevated levels independently predicted poor clinical outcomes. In mice, 
exogenous succinate aggravated infarct volume, neurological deficits, and 
neuroinflammation, whereas inhibition of succinate accumulation with malonate conferred 
significant neuroprotection. Mechanistically, succinate selectively activated microglial 
succinate receptor 1 (SUCNR1), promoting pro-inflammatory polarization and glycolytic 
reprogramming. Hypoxia-inducible factor-1α (HIF-1α) was identified as a key downstream 
effector linking SUCNR1 signaling to metabolic and inflammatory amplification. Genetic or 
pharmacological disruption of the SUCNR1/HIF-1α axis suppressed microglial 
inflammation, reduced neuronal apoptosis, and improved functional recovery. Targeted 
delivery of a succinate metabolism inhibitor further reduced infarct size, neuroinflammation, 
and neurological deficits in vivo.  

Conclusion: 



These findings identify succinate as an active immunometabolic signal that amplifies 
neuroinflammation after ischemic stroke through a microglial SUCNR1–HIF-1α axis, 
highlighting a therapeutically tractable pathway for neuroprotection and targeted metabolic 
intervention. 
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1.Introduction 

Ischemic stroke stands as one of the leading global causes of mortality and long-term 
disability. Its core pathological cascade is initiated by cerebral blood flow interruption, 
leading to neuronal energy deprivation and subsequent tissue necrosis. Within this 
cascade, neuroinflammation emerges as a critical driver of secondary injury, profoundly 
influencing both acute pathological progression and long-term functional recovery[1–3]. 
 

As the resident immune sentinels of the central nervous system, microglia undergo 
rapid activation following ischemic insult. This activation is characterized by morphological 
transformation, increased release of inflammatory mediators, and enhanced chemotactic 
and phagocytic functions. While essential for debris clearance and initiating repair, 
sustained or dysregulated microglial activation can fuel excessive pathological 
inflammation, exacerbating tissue damage[4–6]. Substantial evidence links aberrant 
microglial responses to post-stroke neuronal death, blood-brain barrier disruption, and 
persistent neurological deficits[7–9]. 
 

Recent breakthroughs in the field of immunometabolism have revealed a tight coupling 
between immune cell functional states and metabolic reprogramming. Metabolic 
intermediates serve not only as substrates for energy and biosynthesis but also as crucial 
signaling molecules that directly modulate the intensity and direction of inflammatory 
responses [10–12]. In the specific context of ischemia/reperfusion injury, mitochondrial 
dysfunction disrupts the tricarboxylic acid (TCA) cycle, leading to a significant accumulation 
of the intermediate succinate. This accumulation has been shown to amplify cellular stress 
and oxidative damage through multiple mechanisms[13–15]. For instance, intracellular 
succinate accumulation inhibits prolyl hydroxylase activity, thereby stabilizing hypoxia-
inducible factor-1α (HIF-1α) and promoting the transcription of a suite of pro-inflammatory 
genes[16,17]. Intriguingly, emerging research indicates that succinate can be actively 
transported or passively released into the extracellular space, where it acts as a 
“metabokine” or metabolic alarm signal, mediating intercellular communication and 
modulating inflammation within the local microenvironment[18–20]. 
 

The primary receptor for extracellular succinate is the succinate receptor 1 (SUCNR1, 
also known as GPR91), a G protein-coupled receptor. It specifically senses fluctuations in 
extracellular succinate concentrations and activates downstream Gαi and Gαq signaling 
pathways, thereby influencing cellular functions[21–23]. Studies demonstrate that 
SUCNR1 activation can exert diverse, context-dependent effects. In macrophages, for 
example, SUCNR1 signaling influences polarization states and regulates the expression 
of key inflammatory cytokines such as IL-1β and TNF-α[24,25]. In disease models including 



atherosclerosis, inflammatory bowel disease, and obesity-associated metabolic 
inflammation, the succinate-SUCNR1 axis has been identified as a key amplifier of 
inflammation and a pathological regulator[24,26,27]. 
 

Notably, following cerebral ischemic injury, succinate levels have been detected to rise 
rapidly in the ischemic core and penumbra, with the extent of increase correlating positively 
with the intensity of post-reperfusion oxidative stress and the scale of tissue damage[17,28]. 
Animal models further confirm that elevated succinate can be sensed by SUCNR1-
expressing cells in the brain (including glia, neurons, and vascular endothelial cells), 
influencing the local inflammatory microenvironment and cellular responses. Although 
some research suggests a potential role for SUCNR1 signaling in post-ischemic vascular 
remodeling and angiogenesis[29,30], its specific molecular mechanism in orchestrating the 
inflammatory phenotype activation of microglia and thereby driving a vicious cycle of 
neuroinflammation in the context of ischemic stroke remains poorly understood and 
systematically unelucidated. 
 

Building upon this background and existing knowledge gap, this study aims to 
investigate whether succinate accumulating after ischemic stroke exacerbates 
neuroinflammation by activating specific pro-inflammatory signaling pathways (such as 
NF-κB and MAPK) in microglia via its receptor SUCNR1. We hypothesize that elevated 
levels of exogenous or local endogenous succinate bind to SUCNR1 on the microglial 
surface, triggering the activation of downstream classical pro-inflammatory pathways. This 
cascade promotes a shift of microglia toward a pro-inflammatory phenotype and the robust 
release of inflammatory mediators, ultimately exacerbating neuronal injury and functional 
impairment after stroke.By exploring this "metabolite-receptor-inflammation" axis, our 
research not only seeks to deepen the understanding of post-stroke neuroinflammation 
from a novel immunometabolic perspective but may also provide a crucial theoretical 
foundation for developing new neuroprotective strategies targeting the succinate-SUCNR1 
signaling pathway. 
2. Materials and methods 

2.1 Human subjects and clinical sample collection 

Patients with acute ischemic stroke were consecutively recruited from Minhang Hospital, 
Fudan University. Peripheral venous blood samples were collected immediately upon 
admission. Serum was isolated by centrifugation and stored at −80 °C until analysis. 
Patients aged ≥18 years with CT/MRI-confirmed acute ischemic stroke who met eligibility 
criteria for intravenous thrombolysis and had complete baseline NIHSS data were included. 
Patients with severe hepatic or renal dysfunction, active bleeding or infection, malignancy, 
pre-stroke disability (mRS ≥2), limited life expectancy, or incomplete follow-up were 
excluded.Clinical outcome was assessed at 3 months after stroke onset using the modified 
Rankin Scale (mRS). Patients were classified into a favorable outcome group (mRS ≤ 2) 
or an unfavorable outcome group (mRS > 2).Informed consent was obtained from all 
participants. The study was approved by the Institutional Ethics Committee of Minhang 
Hospital, Fudan University (Approval Number: 2021-008-01K), and all procedures were 
conducted in accordance with the Declaration of Helsinki. 



2.2 Animals 

Adult male C57BL/6J mice (8–10 weeks old,22–26 g) were used in this study. Mice were 
housed under specific pathogen–free conditions with a 12-h light/dark cycle and free 
access to food and water. Sucnr1−/− mice were generated on a C57BL/6NCya background 
using a conventional knockout strategy and obtained by intercrossing Sucnr1+/− mice. 
Genotypes were determined by PCR analysis of tail genomic DNA. The mutant allele was 
identified by an 824-bp band using F1/R1 primers, whereas the wild-type allele was 
identified by a 619-bp band using F2/R2 primers. Sucnr1−/− mice were defined as animals 
carrying the mutant allele without the wild-type allele, and wild-type littermates were used 
as controls. All experimental procedures complied with the National Institutes of Health 
(NIH) Guide for the Care and Use of Laboratory Animals and were approved by the 
Department of Laboratory Animal Science, Fudan University (Approval No. 2023-MHFY-
23JZS). Measures were taken to minimize discomfort and distress throughout the study. 
2.3 Transient middle cerebral artery occlusion (tMCAO) model 
Transient focal cerebral ischemia was induced using the intraluminal filament method. 
Briefly, mice were anesthetized and a silicone-coated nylon filament was advanced through 
the external carotid artery to occlude the middle cerebral artery. Occlusion was maintained 
for 60 min, followed by filament withdrawal to allow reperfusion. 
Sham-operated mice underwent the same surgical procedures without filament insertion. 
Core body temperature was maintained at 37 ± 0.5 °C throughout surgery. 
2.4 Cerebral blood flow monitoring 

Regional cerebral blood flow (rCBF) was monitored using laser speckle contrast imaging 
at baseline, 10 min after ischemia onset, and 10 min after reperfusion. Only mice exhibiting 
a ≥70% reduction in rCBF during ischemia and evident recovery upon reperfusion were 
included in subsequent analyses. 
2.5 Drug administration 

2.5.1 Succinate administration 

To mimic sustained ischemia-associated metabolic perturbation, mice received 
intraperitoneal injections of succinate (8 mM/kg) once daily starting 3 days before ischemia 
and continuing until 3 days after reperfusion. This dosing regimen was adopted from 
previously published studies and aimed to reproduce pathological succinate accumulation 
rather than pharmacological overdose. 
2.5.2 Disodium malonate (DSM) administration and time-window optimization 

DSM, a succinate metabolism inhibitor, was administered via intravenous injection (640 
mg/kg) to ensure rapid systemic availability. 
To determine the optimal therapeutic window, DSM was administered at three distinct time 
points: 

1. Pre-ischemic phase: 30–10 min before ischemia; 
2. Ischemic phase: from 50 min after ischemia onset to 10 min after reperfusion; 
3. Early reperfusion phase: 10–30 min after reperfusion. 

Based on infarct volume and neurological outcome assessments, ischemic-phase 
administration was identified as the most effective intervention. All subsequent mechanistic 
and therapeutic experiments were therefore performed using this predefined optimal time 
window. 



2.6 Tissue collection and infarct assessment 
At designated time points after reperfusion, mice were euthanized and brains were 
harvested. Infarct core and peri-infarct regions were identified based on anatomical 
landmarks and TTC staining. Tissues were processed for metabolomic, biochemical, 
histological, and molecular analyses. 
2.7 Targeted Metabolomic Analysis 

Targeted metabolomic analysis was conducted by Majorbio (Shanghai, China). Tissue 
samples were extracted under cold conditions using an internal standard–containing 
solvent, followed by centrifugation to obtain the supernatant. Metabolites were derivatized 
with 3-NPH and EDC to enhance detection sensitivity and subsequently analyzed using an 
LC–MS/MS system (UHPLC coupled to a triple quadrupole mass spectrometer). 
Chromatographic separation was achieved on a reversed-phase column, and metabolites 
were detected in multiple reaction monitoring (MRM) mode. Quantitative analysis was 
performed using isotopically labeled internal standards and external calibration curves, 
with metabolite abundances normalized to sample weight and dilution factors. 
2.8 RNA Extraction and RT-qPCR 

Total RNA was extracted from mouse brain tissues or cultured microglia and reverse-
transcribed into cDNA. Quantitative real-time PCR was performed using SYBR Green 
chemistry with GAPDH as the internal reference gene. Relative gene expression levels 
were calculated using the 2^−ΔΔCt method, and all experiments were conducted with at 
least three independent replicates. All primer sequences used for RT-qPCR analysis are 
provided in Supplementary Table 1. 
2.9 Transwell Migration Assay 

Microglial migratory capacity was evaluated using a Transwell chamber system. Cells were 
seeded into the upper chamber, while the lower chamber contained serum-supplemented 
medium as a chemoattractant. After incubation, migrated cells on the lower surface of the 
membrane were fixed, stained, and quantified in randomly selected fields. 
2.10 Flow Cytometry Analysis 

For phagocytosis assays, microglia were incubated with fluorescently labeled latex beads, 
washed thoroughly, and analyzed by flow cytometry to determine the percentage of 
phagocytic cells. For phenotypic characterization, cells were stained with fluorophore-
conjugated antibodies against CD86 and CD206 to assess inflammatory polarization, with 
isotype controls used to define gating strategies. Cell apoptosis was evaluated using 
Annexin V-FITC/PI staining followed by flow cytometric analysis. 
2.11 Primary Microglia Isolation and Culture 

Primary microglia were isolated from neonatal or adult mice as described previously[31]. 
Neonatal mouse brains were used to establish mixed glial cultures, from which microglia 
were obtained after differential detachment and validated by Iba1 immunostaining. For 
adult mice, brain tissues were enzymatically dissociated, and microglia were enriched 
using CD11b-based magnetic-activated cell sorting for subsequent experiments. 
2.12 Microglial stimulation and conditioned-medium treatment of HT22 cells 

Primary microglia or BV2 cells were treated with LPS (100 ng/mL) for 24 h in the presence 
or absence of succinate (4 mM), DSM (5 mM), DMOG (200 μM), or PX-478 (10 μM). The 
treated cells were then subjected to subsequent analyses, including immunofluorescence 



staining, qPCR, Western blotting, ELISA, Seahorse assays, and conditioned-medium 
experiments. For conditioned-medium experiments, primary microglia were seeded in 6-
well plates and stimulated with LPS with or without DSM for 24 h. The culture supernatants 
were collected as microglia-conditioned medium. HT22 cells were subsequently incubated 
with a 1:1 mixture of microglia-conditioned medium and fresh high-glucose DMEM for 24 
h, followed by assessment of reactive oxygen species production, mitochondrial function, 
and apoptosis. 
2.13 Immunofluorescence staining and Western blot analysis 

Brain sections were incubated with primary antibodies against Iba1, Sucnr1, CD16, iNOS, 
Arg1, NeuN, and GFAP, followed by appropriate fluorophore-conjugated secondary 
antibodies. Nuclei were counterstained with DAPI. The primary antibody against Sucnr1 
was obtained from Novus Biologicals (NBP1-00861) and used at a dilution of 1:200 for 
immunofluorescence (IF) and 1:1000 for Western blot (WB). All other primary antibodies 
for immunofluorescence were used at a dilution of 1:500, and all primary antibodies for 
Western blotting were used at a dilution of 1:1000.The antibodies used for 
immunofluorescence included goat anti-Iba1 (Abcam, ab5076), rabbit anti-Iba1 (Abcam, 
ab178846), chicken anti-GFAP (Abcam, ab4674), mouse anti-NeuN (Sigma-Aldrich, 
MAB377A5), rabbit anti-NeuN (Abcam, ab177487), rat anti-CD16 (BD Biosciences, 
553142), rabbit anti-iNOS (Cell Signaling Technology, 13120S), and rabbit anti-HIF-1α 
(Abcam, ab179483).For Western blot analysis, primary antibodies included rabbit anti-
iNOS (Cell Signaling Technology, 13120S), rabbit anti-PKM2 (Proteintech, 15822-1-AP), 
and rabbit anti-HIF-1α (Cell Signaling Technology, 36169T). Microglial morphology was 
quantitatively assessed using Sholl analysis as previously described[32]. 
2.14 RNA sequencing and bioinformatic analysis 

RNA sequencing was performed by Tianjin Gene Wisdom Biotechnology Co., Ltd. 
Differential expression analysis, Mfuzz clustering, GO enrichment, and GSEA were 
conducted using R software (version 4.4). Genes with |log₂FC| > 1 and adjusted P < 0.05 
were considered differentially expressed. 
2.15 Seahorse metabolic flux analysis 

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were 
measured using a Seahorse XF Analyzer to assess glycolytic activity and mitochondrial 
respiration in microglia. 
2.16 Preparation and evaluation of the nanoparticle delivery system 

Mesoporous silica nanoparticles were synthesized and sequentially functionalized to 
construct a targeted drug delivery system. Briefly, amine-modified mesoporous silica 
nanoparticles were prepared and subsequently loaded with DSM. For targeted delivery, 
RGD peptides were further conjugated to generate RGD-functionalized, DSM-loaded 
nanoparticles (MNDR). The obtained nanoparticles were purified and used for subsequent 
in vitro and in vivo experiments.The biocompatibility of nanoparticles was evaluated in 
microglial cells using a Cell Counting Kit-8 (CCK-8) assay. Cellular uptake was assessed 
by incubating cells with Cy5-labeled nanoparticles, followed by nuclear counterstaining and 
confocal laser scanning microscopy. Microglial metabolic reprogramming and inflammatory 
responses were analyzed using Seahorse extracellular flux analysis and ELISA, 
respectively, as described above. For in vivo distribution analysis, mice subjected to 



cerebral ischemia–reperfusion injury were sacrificed at the indicated time point, and intact 
brains were collected for ex vivo fluorescence imaging. Cy5 fluorescence signals were 
acquired using an IVIS Spectrum imaging system and reconstructed to visualize the spatial 
distribution of nanoparticles within brain tissue. 
2.17 Behavioral assessments 

Neurological function was evaluated using Garcia score, rotarod test, adhesive removal 
test, and open-field test at 1, 3, 7, 14, and 28 days after reperfusion[33,34]. All assessments 
were performed in a blinded manner. 
2.18 Statistical analysis 

Data are presented as mean ± SEM. Statistical analyses were performed using Student’s 
t-test or one- or two-way ANOVA followed by Tukey’s post hoc test. Multivariable logistic 
regression was used for clinical outcome analyses. P < 0.05 was considered statistically 
significant. 
3.Results 

Succinate Accumulation: A Prognostic Metabolic Marker in Ischemic Stroke 

To investigate the role of metabolic dysregulation in the pathogenesis of ischemic 
stroke, we first performed an exploratory analysis based on a published dataset derived 
from a human brain warm ischemia model [35]. In this dataset, differential metabolites after 
warm ischemia were significantly enriched in the tricarboxylic acid (TCA) cycle and related 
pathways, with a marked elevation of succinate levels (Fig.1b,c and Fig.1S). These 
findings suggest that succinate accumulation may represent a key pathological metabolic 
event following stroke. Consistently, our time-course analysis in a mouse model showed 
widespread perturbation of TCA cycle intermediates during ischemia–reperfusion, among 
which the rapid early accumulation of succinate was particularly prominent 
(Fig.1a).Building on the concordant changes in succinate observed in both human tissue 
and animal models, we next validated its clinical relevance in an independent patient cohort. 
We found that serum succinate levels in patients with acute ischemic stroke were 
significantly higher than those in healthy controls (Fig.1d), and that patients with poor 
outcomes had substantially higher succinate concentrations than those with favorable 
outcomes (Fig.1e). Multivariable regression analysis confirmed succinate as an 
independent risk factor for adverse prognosis (Fig.1f). Furthermore, by constructing a 
stratified logistic regression model based on succinate concentration, we demonstrated 
that elevated succinate levels were strongly associated with an increased risk of poor 
clinical outcome (Fig.1g), supporting its potential as a prognostic biomarker. 

To mechanistically delineate the direct pathogenic role of succinate accumulation, we 
established a middle cerebral artery occlusion (MCAO) model in mice. Using laser speckle 
imaging, we dynamically monitored changes in local cortical cerebral blood flow at baseline, 
during ischemia, and after reperfusion (Fig. 1h). We then precisely dissected tissue from 
the infarct core (Fig. 1i) and performed targeted metabolomic profiling by LC–MS/MS. The 
resulting heatmap revealed broad disturbances in several TCA intermediates in ischemic 
brain tissue compared with sham controls, with succinate showing the most pronounced 
accumulation (Fig. 1j). Finally, we measured levels of malonate, a competitive inhibitor of 
succinate metabolism, and found that malonate and succinate displayed opposite trends 
after ischemia–reperfusion (Fig. 1k), further supporting a stroke-induced, pathway-specific 



imbalance in succinate metabolism. 
Taken together, our data show that succinate accumulation after ischemic stroke is a 

conserved pathological feature tightly linked to clinical outcome, and that its disrupted 
metabolism acts as a key driver of ischemic brain injury. 

 

 

 



Figure 1. Ischemic stroke induces succinate accumulation and TCA cycle 
remodeling. 
(a) Line plots showing the temporal dynamics of key metabolites in the tricarboxylic acid 
(TCA) cycle at different time points. 
(b) Pathway enrichment analysis of differentially expressed metabolites in human brain 
tissues under a warm ischemia model. 
(c) Changes in succinate levels in human brain tissues subjected to warm ischemic 
conditions (data from Mottahedin A et al., Redox Biology, 2023). 
(d) Circulating succinate levels are significantly elevated in stroke patients compared with 
healthy controls. 
(e) Patients with poor outcomes exhibit markedly higher succinate levels. 
(f) Forest plot of clinical variables, including succinate, demonstrating that elevated 
succinate is strongly associated with unfavorable clinical outcomes. 
(g) A stratified logistic regression model based on succinate tertiles was constructed to 
assess its predictive value for clinical prognosis. 
(h) Laser speckle contrast imaging was used to monitor changes in regional cerebral blood 
flow (rCBF) at multiple time points, including baseline (pre-surgery), 10 min after ischemia 
onset, and 10 min after reperfusion. 
(i) Schematic diagram of the sampling region (the infarct core/penumbra) in the cerebral 
infarction model for LC-MS/MS analysis(by BioRender). 
(j) Heatmap showing the relative abundance of TCA cycle metabolites in the ischemic and 
sham groups, with Z-score–based color scaling. Succinate levels are significantly elevated 
in the ischemia–reperfusion group. 
(k) Bar graphs indicating changes in succinate and malonate (a succinate inhibitor) levels 
(n = 5).Data are presented as mean ± SEM unless otherwise indicated. Statistical analyses 
were performed using one-way or two-way ANOVA followed by Tukey’s post hoc test. *p < 
0.05, **p < 0.01, ***p < 0.001. 
Succinate causally exacerbates ischemic brain injury and neurological dysfunction 

By evaluating the therapeutic effects of sodium malonate administration at different 
time windows, we found that treatment during the ischemic phase most effectively reduced 
infarct volume and improved neurological deficits, thereby identifying the optimal window 
for intervention targeting succinate accumulation(Fig.S2).After confirming the marked 
accumulation of succinate following ischemic stroke, we further investigated its causative 
role and underlying mechanisms in ischemic brain injury by exogenously supplementing 
succinate and inhibiting its accumulation with malonate. Targeted metabolomic analysis 
showed that, compared with the ischemia–reperfusion (I/R) group, the exogenous 
succinate-treated group exhibited a further increase in brain succinate levels, whereas 
treatment with the succinate dehydrogenase inhibitor malonate effectively blocked this 
accumulation (Fig.2a). 

To evaluate the impact of succinate on neurological function, a series of long-term 
behavioral assessments were performed. Ischemia–reperfusion severely impaired 
sensorimotor function, as reflected by worsened Garcia scores, reduced rotarod 
endurance, and prolonged adhesive detection and removal times (Fig.2b–e). Exogenous 
succinate administration significantly exacerbated these deficits and impeded functional 



recovery, whereas malonate treatment resulted in the mildest impairments and the most 
favorable recovery trend (Fig. 2b–e). Consistently, open field testing on day 7 post-stroke 
revealed a marked reduction in total distance traveled in the succinate-treated mice, 
indicating more severe impairment of spontaneous locomotor activity (Fig.2f). 

At the histopathological level, hematoxylin–eosin and Nissl staining demonstrated 
pronounced structural disruption and neuronal loss following I/R injury. These pathological 
changes were aggravated by succinate treatment but substantially alleviated by malonate 
administration (Fig.2g,h). In parallel, TTC staining revealed that succinate significantly 
increased infarct volume, whereas malonate effectively reduced the infarcted area 
(Fig.2i,k). 
To further elucidate the mechanisms by which succinate exacerbates injury, we focused 
on neuroinflammation and microglial function. Immunofluorescence staining showed that 
microglia engulfed myelin debris after I/R; however, succinate treatment markedly 
increased the fluorescence intensity of myelin basic protein within microglia, suggesting 
aberrantly enhanced phagocytic activity or inflammatory responses (Fig.2j,l). Moreover, 
ELISA and Western blot analyses revealed that succinate significantly upregulated the 
levels of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α (Fig.2m), and 
increased the protein expression of IL-1β (Fig.2n), whereas malonate effectively 
suppressed these inflammatory responses.In summary, succinate is not merely a 
bystander of ischemic stroke but a key pathogenic driver that exacerbates neurological 
deficits, expands infarct volume, and amplifies neuroinflammation, while inhibition of its 
accumulation confers robust neuroprotection. 



 

Figure 2. Succinate aggravates ischemic brain injury and neurological dysfunction 
after stroke. 
(a) Targeted metabolomic analysis of succinate levels in brain tissues under different 
interventions (n = 5). 
(b–e) Sensorimotor function was assessed using the Garcia score (b), rotarod test (c), and 
adhesive removal tests, including adhesive touch (d) and adhesive removal (e), on days 
1, 3, 7, 14, and 28 after ischemia/reperfusion (n = 10–12). 
(f) Open-field test was performed to evaluate locomotor activity on day 7 after stroke, and 



total distance traveled (meters) was quantified in each group (n = 10 per group). 
(g, h) Representative hematoxylin and eosin (H&E) staining and Nissl staining of paraffin-
embedded brain sections illustrating tissue morphology and neuronal survival, with a scale 
bar of 100 μm. 
(i) On day 3 after I/R, 2,3,5-triphenyltetrazolium chloride (TTC) staining was used to 
visualize infarcted areas (white regions), along with representative images. 
(j) Immunofluorescence images showing microglial phagocytosis of myelin debris (dMBP) 
in different groups. Scale bar = 30 μm; right panels show higher magnification views (scale 
bar = 10 μm). 
(k)quantitative analysis of infarct volume. 
(l) Quantification of dMBP fluorescence intensity in each group. 
(m) ELISA measurements of inflammatory cytokines IL-1β, IL-6, and TNF-α in brain tissue 
during the acute phase following I/R. 
(n) Western blot analysis of IL-1β expression in brain tissues from each group, along with 
densitometric quantification of band intensities (n = 5 per group). Sham = sham-operated 
group; I/R = ischemia–reperfusion group; I/R + succinate = ischemia–reperfusion with 
succinate treatment; I/R + DSM = ischemia–reperfusion with sodium malonate treatment. 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
or two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. 
Succinate skews microglial polarization toward a pro-inflammatory phenotype after 
stroke 

To further delineate the cellular mechanisms by which succinate amplifies 
neuroinflammation, we next examined its regulatory effects on microglial M1/M2 
polarization during the acute phase of stroke. In vivo immunofluorescence staining 
revealed that, compared with the sham group, ischemia–reperfusion injury markedly drove 
microglial polarization toward a pro-inflammatory M1 phenotype, as indicated by increased 
CD16 expression, while simultaneously suppressing the anti-inflammatory M2 phenotype, 
as reflected by reduced Arg1 expression. Exogenous succinate supplementation further 
exacerbated this polarization imbalance, significantly enhancing the fluorescence intensity 
of M1-like marker CD16 and diminishing the expression of M2-like marker Arg1. In contrast, 
inhibition of succinate accumulation by malonate effectively reversed this trend and 
promoted a shift of microglia toward the M2 phenotype (Fig.3a,c-d). 

To verify the direct effect of succinate on microglial polarization, an in vitro 
inflammatory model was established using lipopolysaccharide (LPS). Immunofluorescence 
analysis showed that, compared with the control group, LPS stimulation markedly induced 
the expression of M1-like marker iNOS. Co-treatment with succinate upon LPS exposure 
further amplified iNOS expression while concomitantly suppressing the M2 marker Arg1. 
Conversely, the addition of malonate (DSM) effectively counteracted the effects of 
succinate and promoted polarization toward the M2 phenotype (Fig.3b,e–h). 

To define the molecular basis of DSM-mediated protection, we next performed 
transcriptomic profiling in LPS-treated microglia. RNA-seq showed that DSM profoundly 
reprogrammed the LPS-induced transcriptional state, shifting microglia away from 
inflammatory activation and suppressing pathways linked to hypoxic stress, cellular stress 
responses, and inflammation. Consistently, GO analysis revealed that DSM predominantly 



attenuated ROS metabolic processes, IL-6 and TNF production, innate immune activation, 
and neuron death-related programs, supporting a role for DSM in restraining metabolism-
coupled inflammatory transcriptional programs(Fig.S3a-d). At the functional level, DSM 
mitigated LPS-induced mitochondrial injury and oxidative stress, restored mitochondrial 
oxidative phosphorylation, and was associated with increased TOM20 expression, reduced 
ROS accumulation, and improved basal and maximal respiration(Fig.S3f-n). Consistent 
with this microglial reprogramming, conditioned medium from DSM-treated microglia 
alleviated neuronal mitochondrial injury and apoptosis induced by LPS-activated microglia, 
supporting a role for DSM in limiting the spread of a neurotoxic inflammatory milieu (Fig.S4). 



 

Figure 3. Succinate modulates M1/M2 polarization of microglia after acute stroke. 



(a) Representative immunofluorescence images showing expression of M1-like marker 
(CD16)and M2-like (Arg1) in microglia from different experimental groups. 
(b) In vitro immunofluorescence staining of primary microglia showing M2-like (Arg1) and 
M1-like marker (iNOS) in the Ctrl, LPS, LPS + succinate, and LPS + DSM groups. 
(c, d) Quantification of fluorescence intensities of M1-like marker (CD16) and M2-like 
(Arg1) markers in microglia across groups (n = 5). 
(e, f) Quantitative analysis of fluorescence intensities of Arg1 and iNOS in each treatment 
group (n = 3). 
(g, h) qPCR analysis of Arg1 and iNOS in the different groups(n=3).Data are presented 
as mean ± SEM. Statistical analyses were performed using one-way ANOVA followed by 
Tukey’s post hoc test. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
Microglial Sucnr1 is selectively upregulated after stroke and mediates ischemic 
neurotoxicity 

Given that succinate can directly regulate microglial polarization, we hypothesized that 
its specific receptor, Sucnr1, may play a pivotal role in this process. We first examined the 
expression and distribution of Sucnr1 after stroke. Immunofluorescence staining showed 
that in the sham group, Sucnr1 exhibited only weak colocalization with the microglial 
marker Iba1 in both the cortex and striatum. However,by day 3 after ischemia–reperfusion, 
Sucnr1 fluorescence intensity was markedly increased in ipsilateral cortical and striatal 
microglia (Fig.4a–d), indicating that acute stroke selectively upregulates microglial Sucnr1. 
This specificity was corroborated by the lack of significant Sucnr1 expression changes in 
neurons or astrocytes on the ipsilateral side (Fig.S5a-d).We next sought to determine 
whether Sucnr1 induction in microglia was associated with ischemia-like stress or 
inflammatory stimulation. Western blotting and quantitative real-time PCR analyses 
showed that Sucnr1 expression did not differ significantly between control microglia and 
cells subjected to OGD/R, consisting of 3 h oxygen–glucose deprivation followed by 24 h 
reoxygenation (Fig.S5e,g). In contrast, LPS stimulation markedly upregulated Sucnr1 
expression in microglia (Fig.S5f,h). Together, these findings suggest that microglial Sucnr1 
upregulation after stroke is unlikely to represent a nonspecific response to ischemia-like 
injury, but may instead be preferentially driven by inflammatory cues. 

To further define the functional role of Sucnr1 in stroke pathology, we employed Sucnr1 
knockout (Sucnr1⁻/⁻) mice. Open field testing on day 7 showed that Sucnr1⁻/⁻ stroke mice 
traveled a significantly greater total distance than their wild-type counterparts (Fig.4e,f), 
indicating milder impairment of spontaneous locomotor activity. Consistently, across a 
series of long-term sensorimotor assessments—including Garcia scores, rotarod 
performance, and adhesive removal tests—Sucnr1 deficiency was associated with less 
severe neurological deficits and more rapid functional recovery at all examined time points 
(Fig.4g–j).At the cellular level, TUNEL/NeuN co-staining revealed that ischemia–
reperfusion induced substantial neuronal apoptosis, whereas Sucnr1⁻/⁻ mice displayed a 
markedly lower proportion of TUNEL-positive neurons among NeuN-positive cells (Fig.4k,l), 
indicating that loss of Sucnr1 effectively mitigates ischemia-induced neuronal death. A 
comparable reduction in neuronal TUNEL positivity was also detected in the striatum, 
suggesting that the protective effect of Sucnr1 deletion was not restricted to the ischemic 
cortex but extended across the injured brain region(Fig.S6).Taken together with the 



selective upregulation of microglial Sucnr1 after ischemic stroke, these findings 
demonstrate that Sucnr1 is a critical mediator of neurotoxicity and a key determinant of 
stroke outcome. 



 



Figure 4. Microglial Sucnr1 is selectively upregulated after acute stroke, and its 
deletion attenuates neurological injury. 
(a, c) Representative immunofluorescence images showing colocalization of Sucnr1 with 
the microglial marker Iba1 in the cortex (a) and striatum (c) of Sham and I/R mice. Low- 
and high-magnification views are shown, with scale bars = 200 μm and 20 μm, 
respectively. 
(b, d) Quantification of Sucnr1 fluorescence intensity in microglia within the ipsilateral 
cortex (b) and striatum (d) at day 3 after I/R (n > 50 cells per group). 
(e) Open-field test assessing the effect of Sucnr1 deletion (Sucnr1⁻/⁻) on locomotor 
activity at day 7 after acute ischemic stroke. 
(f) Quantitative analysis of total distance traveled in the open field (meters) in each group 
(n = 10 per group). 
(g–j) Sensorimotor performance was evaluated using the Garcia score (g), rotarod test 
(h), and adhesive tests, including adhesive touch (i) and adhesive removal (j), on days 1, 
3, 7, 14, and 28 after surgery to determine the impact of Sucnr1 deficiency on functional 
recovery. 
(k) Immunofluorescence staining of the ipsilateral cortex showing colabeling of the 
neuronal marker NeuN (green) and the apoptosis marker TUNEL (red) to assess 
neuronal apoptosis. Scale bar = 50 μm. 
(l) Quantification of the proportion of apoptotic neurons (NeuN⁺/TUNEL⁺) in each group 
(n = 5 per group).Data are presented as mean ± SEM. Statistical analyses were 
performed using one-way or two-way ANOVA followed by Tukey’s post hoc test. ns = not 
significant,*p < 0.05, **p < 0.01, ***p < 0.001. 
Sucnr1 regulates microglial functional states after ischemic stroke 

To elucidate the cellular mechanisms underlying the neuroprotection conferred by 
Sucnr1 deficiency, we focused on its regulatory effects on microglial function. Microglial 
morphology was first assessed by immunofluorescence staining combined with Sholl 
analysis. Compared with wild-type (WT) stroke mice, microglia in the ipsilateral cortex of 
Sucnr1⁻/⁻ stroke mice exhibited significantly longer processes and a more complex 
branching pattern (Fig.5a–c). This ramified morphology more closely resembled a 
surveillant, homeostatic state, indicating an altered activation profile in the absence of 
Sucnr1.We next examined microglial polarization. Immunofluorescence analysis revealed 
that, in Sucnr1⁻/⁻ stroke mice, microglial polarization toward the pro-inflammatory M1 
phenotype (CD16⁺) was markedly suppressed, whereas polarization toward the anti-
inflammatory M2 phenotype (Arg1⁺) was significantly enhanced (Fig.5d–g). In parallel, 
analysis of the peri-infarct cortex demonstrated that Sucnr1 deficiency substantially 
reduced microglial proliferation, as evidenced by a decreased number and proportion of 
pH3⁺ and Ki67⁺ proliferating microglia (Fig.5h–m). These findings suggest that Sucnr1 
signaling not only governs microglial phenotype but also contributes to their proliferative 
response under ischemic conditions. 

To confirm these phenotypic changes at the molecular level and determine direct 
effects, we employed an in vitro model in which primary microglia were stimulated with LPS 
following Sucnr1 knockdown. qPCR analysis showed that under inflammatory conditions, 
Sucnr1 silencing significantly reduced the mRNA expression of key pro-inflammatory 



cytokines (IL-6, IL-1β, and TNF-α) (Fig.5n), concomitantly downregulated M1-associated 
markers (CD32, iNOS), and upregulated M2-associated markers (CD206, Arg1) Fig.5o). 
Consistent with these findings, Western blot analysis further confirmed that Sucnr1 
knockdown effectively attenuated LPS-induced iNOS and IL-1β protein expression 
(Fig.5p–s). Collectively, these in vitro results establish Sucnr1 as a direct and critical 
regulator of microglial inflammatory activation and polarization. 



 

Figure 5. Deletion of Sucnr1 modulates microglial function after acute stroke. 



(a) Representative immunofluorescence images showing the expression and morphology 
of microglia labeled with Iba1 (magenta) in the ipsilateral cortex of each group. Left 
panels show the overall field (scale bar = 50 μm), and right panels display higher-
magnification views used for Sholl analysis (scale bar = 20 μm) to assess microglial 
morphological complexity. 
(b, c) Quantitative analysis of microglial process length (b) and the number of branch 
intersections at different radial distances from the soma (c) (n = 20–25 cells per group). 
(d, e) Immunofluorescence staining illustrating microglial polarization in the acute 
ischemic stroke model. (d) Colocalization of the microglial marker Iba1 (green) with the 
M1-like marker CD16 (red); (e) colabeling of Iba1 (red) with the M2 marker Arg1 (green). 
Scale bar = 50 μm. 
(f, g) Quantification of CD16 and Arg1 expression in microglia after Sucnr1 deletion (n = 
5–8 per group). 
(h, i) Immunofluorescence images showing colocalization of the microglial marker Iba1 
with the proliferation markers pH3 (h) and Ki67 (i) in the peri-infarct cortex. Scale bar = 
30 μm. 
(j, k) Quantification of the number and proportion of pH3⁺ microglia in the ischemic 
cortical region of I/R mice (n = 5–8 per group). 
(l, m) Quantification of Ki67⁺ microglial counts and their proportion after I/R injury (n = 5–
8 per group). 
(n) mRNA expression levels of IL-6, IL-1β, and TNF-α in microglia under different 
treatments (Ctrl, LPS, LPS + siNC, LPS + siSucnr1) as determined by qPCR. 
(o) mRNA expression of pro- and anti-inflammatory polarization markers, including CD32, 
iNOS, CD206, and Arg1, in microglia (n = 3 per group). 
(p, r) Representative immunoblot images and densitometric quantification of iNOS 
protein levels across groups (n = 3 per group). 
(q, s) Representative immunoblots and quantitative analysis of IL-1β protein expression 
in each treatment group (n = 3 per group).Data are presented as mean ± SEM. Statistical 
analyses were performed using one-way or two-way ANOVA followed by Tukey’s post 
hoc test. ns = not significant,*p < 0.05, **p < 0.01, ***p < 0.001. 
Sucnr1 drives glycolytic reprogramming and inflammatory activation in microglia 

Having established that Sucnr1 regulates microglial polarization and inflammatory 
responses, we next sought to systematically unravel its downstream mechanisms through 
transcriptomic (Fig.S6a, b)and functional analyses. Using Mfuzz clustering, differentially 
expressed genes were grouped into six distinct clusters exhibiting dynamic expression 
patterns over time (Fig.6a,b), among which cluster 5 displayed the most pronounced 
temporal changes. Pathway enrichment analysis of this cluster revealed significant 
activation of the glycolytic pathway (Fig.6c), suggesting that Sucnr1 may contribute to 
microglial metabolic reprogramming toward enhanced glycolysis. 

To directly test this hypothesis, microglial metabolic activity was assessed using a 
Seahorse extracellular flux analyzer. LPS stimulation markedly increased the extracellular 
acidification rate (ECAR) and overall glycolytic capacity, whereas Sucnr1 knockdown 
significantly attenuated this LPS-induced glycolytic enhancement (Fig.6d,e). In line with 
these functional observations, both qPCR and Western blot analyses demonstrated that 



silencing Sucnr1 substantially reduced the LPS-induced expression of key glycolytic 
enzymes, including HK2, LDHA and PKM2, at both the mRNA and protein levels (Fig.6f–
h). Consistent with the in vitro findings, Sucnr1 knockout in mice reproduced the key 
phenotypes observed in cellular models.It attenuated the post-stroke glycolytic surge in 
microglia, shifted their polarization from a pro-inflammatory M1 state towards an anti-
inflammatory M2 state, and consequently reduced the levels of key inflammatory cytokines 
in the brain tissue(Fig.S8). 

Although DSM improves mitochondrial structure and preserves mitochondrial oxidative 
capacity in primary microglia(Fig.S3), chronic loss of SUCNR1 in BV2 cells appears to 
disrupt receptor-dependent compensatory signaling required for maintaining mitochondrial 
function, thereby driving a secondary reliance on glycolysis. Consistently, GO enrichment 
analysis of differentially expressed genes following Sucnr1 knockdown revealed a 
significant over-representation of glycolysis-related biological processes (Fig.6i), further 
reinforcing the tight coupling between SUCNR1 signaling and metabolic remodeling in 
activated microglia. 

In addition to its role in metabolic regulation, clustering analysis also suggested a close 
association between SUCNR1 signaling and pathways related to microglial phagocytosis 
and migration(Fig.6i). Furthermore, consistent with this association, genes related to 
phagocytosis and migration were also suppressed following SUCNR1 
knockdown(Fig.S7c,d). We therefore next evaluated the functional consequences of 
Sucnr1 depletion on these essential microglial behaviors. Flow cytometric analysis 
revealed that Sucnr1 knockdown significantly decreased the phagocytic capacity of 
microglia (Fig.6j), consistently,Transwell migration assays revealed a significant alteration 
in migratory capacity following Sucnr1 silencing (Fig.6k).Together, these data identify 
Sucnr1 as a key metabolic switch that couples inflammatory activation to glycolytic 
reprogramming in microglia, while selectively enhancing their phagocytic capacity without 
altering migratory behavior. 



 

Figure 6. Sucnr1 knockdown reprograms glycolytic pathways and functional states 
of activated microglia. 
(a) Line plot showing the change in Dmin values as the number of clusters increases 
from 2 to 20. The inflection point, where the Dmin curve begins to plateau, was used to 
help determine the optimal number of clusters. 
(b) Mfuzz clustering analysis identifying six distinct gene expression patterns. Each panel 



represents the normalized expression trajectory of genes within a given cluster, with 
cluster 5 exhibiting the most pronounced dynamic changes. 
(c) Bar graph showing Gene Ontology (GO) and pathway enrichment results for genes in 
cluster 5. The x-axis indicates fold enrichment, the y-axis lists enriched pathways, bar 
length reflects the degree of enrichment, and color intensity represents statistical 
significance based on –log(Adj. P). 
(d) Seahorse XF analysis of extracellular acidification rate (ECAR) in microglia from 
different treatment groups (Ctrl, LPS, LPS + siNC, and LPS + siSucnr1), used to evaluate 
glycolytic activity. 
(e) Quantification of basal glycolysis and glycolytic capacity in each group (n = 3–4). 
(f) qPCR analysis of mRNA expression levels of key glycolytic enzymes, including HK2, 
LDHA, and PKM2, in the indicated groups. 
(g) Immunoblot analysis of the glycolytic marker protein PKM2 in microglia under 
different treatments. 
(h) Densitometric quantification of PKM2 protein levels in each group. 
(i) GO pathway enrichment analysis of commonly differentially expressed genes in the 
comparisons of LPS + siNC vs Ctrl + siNC and LPS + siSucnr1 vs LPS + siNC; the top 
15 significantly enriched pathways are shown. 
(j) Flow cytometric assessment of microglial phagocytic capacity, shown as the 
percentage of microsphere-positive cells in each group (n = 3). 
(k) Transwell migration assay showing crystal violet–stained migrated microglia and 
quantitative analysis of migrated cell numbers (n = 3).Data are presented as mean ± 
SEM. Statistical analyses were performed using one-way or two-way ANOVA followed by 
Tukey’s post hoc test. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
 

HIF-1α mediates Sucnr1-dependent metabolic reprogramming in microglia 

Based on our previous findings that Sucnr1 regulates microglial glycolysis, we next 
sought to identify the upstream signaling axis responsible for this effect. Gene set 
enrichment analysis revealed that Sucnr1 markedly modulates the HIF-1α signaling 
pathway and associated immune-response gene sets (Fig.7a), implicating HIF-1α as a 
potential downstream transcriptional mediator. Subsequent validation at both the protein 
and transcriptional levels demonstrated that LPS stimulation significantly increased HIF-
1α expression in microglia, whereas Sucnr1 knockdown effectively suppressed HIF-1α 
protein accumulation with minimal impact on its mRNA levels (Fig.7b,c). Consistently, 
immunofluorescence analysis further confirmed that Sucnr1 silencing markedly reduced 
the nuclear localization of HIF-1α in microglia (Fig.7d,e). 

To determine the functional significance of HIF-1α in Sucnr1-mediated metabolic 
reprogramming, we performed rescue experiments using the HIF-1α agonist DMOG. 
Seahorse metabolic analyses showed that DMOG treatment successfully reversed the 
glycolytic suppression induced by Sucnr1 knockdown, restoring microglial glycolytic 
capacity (Fig.7f,g). In parallel, Western blot analysis demonstrated that DMOG partially 
rescued the reduced protein expression of IL-1β, PKM2, and HK2 caused by Sucnr1 
knockdown (Fig.7h,i). Functionally, DMOG reversed the impaired phagocytic capacity 
observed in Sucnr1-deficient microglia (Fig.7j, l), and a similar trend was observed in their 



migratory ability (Fig.7k,m).Finally, we performed reverse validation using the HIF-1α–
specific inhibitor PX-478. PX-478 treatment effectively suppressed succinate-induced 
glycolytic activation (Fig.7n,o) and markedly reduced the succinate-mediated upregulation 
of IL-1β, PKM2, and HK2 at the protein level (Fig. 7p, q). Together, these findings establish 
that Sucnr1 reprograms microglial glycolysis and inflammatory function by regulating the 
protein stability and nuclear activity of HIF-1α, thereby defining a coherent Sucnr1/HIF-1α 
signaling axis. 



 



Figure 7. Modulation of the Sucnr1/HIF-1α axis reprograms microglial metabolism 
and function after acute stroke. 
(a) Gene set enrichment analysis (GSEA) revealed that Sucnr1 regulates HIF-1α–related 
signaling pathways, as well as genes involved in immune responses and cell migration. 
(b) Representative immunoblot analysis of HIF-1α protein expression in microglia from 
the Ctrl, LPS, LPS + siNC, and LPS + siSucnr1 groups. 
(c) Quantification of HIF-1α protein and mRNA levels in each group (n = 3). 
(d) Representative immunofluorescence images showing colocalization of microglia 
(Iba1, red) and HIF-1α (green) in different groups. Scale bar = 200 μm; magnified images 
on the right, scale bar = 20 μm. 
(e) Quantification of HIF-1α fluorescence intensity in microglia (n = 3 per group). 
(f) Seahorse XF analysis showing extracellular acidification rate (ECAR) profiles in 
microglia treated with LPS, LPS + siSucnr1, LPS + DMOG, and LPS + siSucnr1 + 
DMOG. 
(g) Quantification of basal glycolysis and glycolytic capacity in each group (n = 3). 
(h) Western blot analysis of IL-1β, PKM2, and HK2 protein expression in microglia under 
the indicated conditions. 
(i) Densitometric quantification of IL-1β, PKM2, and HK2 protein levels (n = 3). 
(j, l) Flow cytometric analysis of microglial phagocytic capacity, expressed as the 
percentage of microsphere-positive cells, and quantification across groups (n = 3). 
(k, m) Transwell migration assay showing crystal violet-stained migrated microglia and 
quantitative analysis of migrated cell numbers (n = 3). 
(n) Seahorse XF analysis of ECAR in microglia treated with LPS, LPS + succinate, LPS + 
PX-478, and LPS + succinate + PX-478. 
(o) Quantification of glycolytic parameters, including basal glycolysis and glycolytic 
capacity, in each group (n = 3). 
(p) Western blot analysis of IL-1β, PKM2, and HK2 protein expression under the 
indicated treatments. 
(q) Quantification of IL-1β, PKM2, and HK2 protein expression by densitometry (n = 
3).Data are presented as mean ± SEM. Statistical analyses were performed using one-
way or two-way ANOVA followed by Tukey’s post hoc test.*p < 0.05, **p < 0.01, ***p < 
0.001. 
Development of an RGD-functionalized nanoplatform for targeted delivery of DSM 
to the ischemic brain 

Building on the critical pathogenic role of the succinate/Sucnr1/HIF-1α signaling axis 
in ischemic stroke and the well-defined neuroprotective effect of the succinate 
dehydrogenase inhibitor malonate (DSM), we sought to develop a nanodrug delivery 
system capable of targeting DSM specifically to the ischemic brain region, thereby 
overcoming the limitations of systemic administration.We successfully synthesized 
mesoporous silica nanoparticles loaded with DSM. Scanning electron microscopy revealed 
that the nanoparticles exhibited a uniform and well-defined spherical morphology (Fig.8a). 
Dynamic light scattering analysis showed a narrow hydrodynamic size distribution centered 
at approximately 200 nm (Fig.8b), while zeta potential measurements further confirmed 
their surface charge characteristics (Fig.8c). Transmission electron microscopy clearly 



demonstrated the typical mesoporous structure of the nanoparticles (Fig.8d). Energy-
dispersive X-ray spectroscopy (Fig.8e) and elemental mapping (Fig. 8f) confirmed the 
successful incorporation and homogeneous distribution of key elements, including Si, O, 
N, and Na, within the nanoparticles.To verify surface functionalization and drug loading, 
Fourier-transform infrared spectroscopy was performed. The spectra confirmed successful 
amine functionalization on the nanoparticle surface (Fig.8g) as well as the efficient 
conjugation of the RGD targeting peptide and encapsulation of DSM (Fig.8h). In addition, 
UV–visible absorption spectroscopy combined with a BCA protein assay further validated 
the successful attachment of RGD peptides on the nanoparticle surface (Fig.8i). 

Following material characterization, we evaluated the biocompatibility and targeting 
capability of the nanoplatform. CCK-8 assays demonstrated that both blank nanoparticles 
(M) and RGD-modified DSM-loaded nanoparticles (MNDR) exhibited no detectable 
cytotoxicity toward BV2 microglial cells, even at high concentrations (Fig. 8j), indicating 
excellent biocompatibility.We then examined cellular uptake using confocal microscopy to 
visualize Cy5-labeled nanoparticles in BV2 cells. Compared with the non-RGD-modified 
MND group, the MNDR group displayed markedly stronger intracellular red fluorescence, 
indicating that RGD modification significantly enhanced microglial internalization of the 
nanoparticles (Fig. 8k, m). Importantly, this enhanced uptake was substantially attenuated 
by competitive inhibition with free RGD peptides, providing strong evidence for the 
specificity of the RGD-mediated active targeting mechanism (Fig. 8k, m). 

Finally, the in vivo targeting capability of the nanoparticles was validated in a mouse 
cerebral ischemia–reperfusion model. Ex vivo fluorescence imaging of brain tissues 
revealed that, compared with the free Cy5 group, empty nanoparticles (Cy5@MN), and 
non-RGD-modified drug-loaded nanoparticles (Cy5@MND), the RGD-functionalized drug-
loaded nanoparticles (Cy5@MNDR) exhibited the strongest fluorescence signal within the 
ischemic hemisphere (Fig. 8l, n). These results clearly demonstrate that the engineered 
MNDR nanosystem efficiently and specifically accumulates in the ischemic brain region. 



 

Figure 8.Characterization and targeting validation of DSM-loaded mesoporous 
nanoparticles. 
(a) Representative scanning electron microscopy (SEM) images of the synthesized 
nanoparticles. Scale bars = 200 nm (left) and 50 nm (right). 
(b) Hydrodynamic size distribution of the nanoparticles measured by dynamic light 
scattering (DLS). 
(c) Zeta potential analysis of the nanoparticles. 



(d) Transmission electron microscopy (TEM) images of M and MNDR nanoparticles. Scale 
bar = 100 nm. 
(e) Energy-dispersive X-ray spectroscopy (EDS) analysis of the MNDR nanoparticles. 
(f) Elemental mapping of MNDR nanoparticles. The upper-left panel shows the 
corresponding bright-field image, while the remaining four pseudocolor images indicate the 
spatial distribution of Si (orange), O (green), N (blue), and Na (purple). Scale bar = 500 nm. 
(g) Fourier transform infrared (FTIR) spectra of nanoparticles before and after amine 
functionalization. 
(h) FTIR spectra of M, MND, MNDR, DSM, and RGD, confirming successful loading and 
surface modification. 
(i) UV–Vis absorption spectra obtained from the bicinchoninic acid (BCA) protein assay. 
(j) Cell viability of BV2 microglial cells treated with different concentrations of M and MNDR 
nanoparticles, evaluated by CCK-8 assay. 
(k, m) Confocal laser scanning microscopy (CLSM) images and quantification of mean red 
fluorescence intensity in cells incubated with Cy5-labeled nanoparticles. Cy5-labeled 
nanoparticles appear red, and nuclei are counterstained with DAPI (blue). Three groups 
were analyzed: MND (DSM-loaded), MNDR (DSM-loaded + RGD-modified), and MNDR + 
RGD competition group (cells pretreated with free RGD for 1 h before MNDR exposure). 
Nanoparticle concentration = 400 μg mL⁻¹; incubation time = 2 h. Scale bar = 50 μm (n = 
3). 
(l, n) Ex vivo fluorescence imaging of mouse brains at 22 h after injection in the acute 
ischemia–reperfusion model, along with quantification of mean fluorescence intensity. 
Four groups were included: free dye (Cy5), unloaded nanoparticles (Cy5@MN), DSM-
loaded nanoparticles (Cy5@MND), and RGD-modified DSM-loaded nanoparticles 
(Cy5@MNDR). The color scale ranges from blue (low intensity) to red (high intensity). 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
or two-way ANOVA followed by Tukey’s post hoc test.*p < 0.05, **p < 0.01, ***p < 0.001. 
Targeted MNDR therapy attenuates post-stroke neuroinflammation and brain injury 
by reprogramming microglial metabolism 

Having successfully constructed and validated the targeted MNDR nanodelivery 
system, we next evaluated its therapeutic efficacy in regulating post-stroke microglial 
metabolism and attenuating brain injury both in vitro and in vivo.First, Seahorse metabolic 
analysis revealed that, compared with LPS stimulation alone, treatment with MNDR 
nanoparticles markedly suppressed microglial glycolysis, as evidenced by significant 
reductions in extracellular acidification rate (ECAR), basal glycolytic activity, and glycolytic 
capacity (Fig. 9a–c). Consistently, ELISA and qPCR analyses showed that MNDR 
treatment significantly decreased the secretion and gene expression of pro-inflammatory 
cytokines, including IL-6, TNF-α, and IL-1β, while simultaneously promoting the production 
of the anti-inflammatory cytokine IL-10 (Fig. 9d, e). These findings indicate that MNDR 
effectively reverses microglial metabolic reprogramming and inflammatory activation.In the 
in vivo ischemia–reperfusion model, the therapeutic potential of MNDR was further 
confirmed.  

Compared with the untreated I/R group and the free DSM-treated group, MNDR 
administration significantly promoted microglial polarization toward the M2 anti-



inflammatory phenotype while suppressing the M1 pro-inflammatory phenotype (Fig. 9f–i). 
TTC staining demonstrated a marked reduction in infarct volume following MNDR 
treatment (Fig. 9j), accompanied by significantly decreased levels of pro-inflammatory 
cytokines in brain tissue (Fig. 9k).Functionally, open field testing and modified neurological 
severity score assessments revealed that mice treated with MNDR exhibited markedly 
improved motor performance and accelerated neurological recovery after stroke (Fig. 9l, 
m), with therapeutic efficacy superior to that achieved by free DSM administration.Together, 
these results demonstrate that DSM-loaded, RGD-targeted nanoparticles effectively 
suppress neuroinflammation by modulating microglial glycolytic metabolism, reduce 
ischemic brain injury, and significantly promote functional recovery, thereby offering a 
promising translational therapeutic strategy for ischemic stroke. 



 

Figure 9. DSM-loaded mesoporous nanoparticles attenuate microglial glycolysis 



and reduce brain injury after acute stroke. 
(a) Seahorse XF–recorded extracellular acidification rate (ECAR) profiles of microglia in 
the four groups: LPS, LPS + M, LPS + MND, and LPS + MNDR. 
(b) Basal glycolysis, calculated as the difference between the ECAR peak and baseline 
levels (n = 3). 
(c) Glycolytic capacity in each group (n = 3). 
(d) ELISA quantification of IL-6, TNF-α, and IL-10 levels in culture supernatants (n = 3). 
(e) mRNA expression levels of TNF-α, IL-1β, and IL-6 in microglia. 
(f, g) Flow cytometric analysis of microglial polarization status. 
(h, i) mRNA expression of M1 and M2 polarization markers in the brains of post-stroke 
mice (n = 5–6 per group). 
(j) Representative TTC staining images at 24 h after I/R showing infarct areas in the I/R, 
I/R + DSM, and I/R + MNDR groups, along with quantitative analysis of infarct volume (n 
= 5–9). 
(k) ELISA assessment of inflammatory cytokines (IL-6, IL-1β, and TNF-α) in brain tissue 
from each group (n = 5). 
(l) Open-field test showing representative locomotor trajectories and quantification of total 
distance traveled in the I/R, I/R + DSM, and I/R + MNDR groups (n = 12). 
(m) Dynamic changes in the modified neurological severity score (mNSS) from pre-surgery 
(baseline) to 28 days post-stroke (n = 10–12 per group). 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
or two-way ANOVA followed by Tukey’s post hoc test. ns = not significant, *p < 0.05, **p < 
0.01, ***p < 0.001. 



 

Figure 10. Metabolic Reprogramming and Inflammatory Responses in Microglia 
After Cerebral Ischemia-Reperfusion Injury.  

(a) Following targeted delivery to ischemic brain regions, DSM is released from RGD-
functionalized nanoparticles and binds to Sucnr1 on microglia. Sucnr1 activation promotes 
glycolytic reprogramming through the upregulation of HK2, LDHA, and PKM2, which 
stabilizes HIF-1α and enhances the transcription of pro-inflammatory cytokines, including 
IL-1β, TNF-α, and IL-6. This signaling cascade drives M1 microglial polarization, 
neuroinflammation, and neuronal apoptosis. In contrast, Sucnr1 knockout or Sucnr1-
targeting siRNA effectively blocks this pathway, thereby suppressing glycolytic 
reprogramming, HIF-1α-mediated inflammatory signaling, M1 polarization, and TUNEL-
positive neuronal apoptosis(by BioRender). 
4.Discussion 

In the present study, we systematically demonstrate that succinate accumulation 
represents a conserved and pathogenic metabolic hallmark of ischemic stroke and 
functions as an active driver of neuroinflammation rather than a passive byproduct of 
metabolic failure. By integrating human brain tissue data, an independent clinical cohort, 
and mechanistic experiments in both in vivo and in vitro models, we identify a succinate–
SUCNR1–HIF-1α signaling axis in microglia that couples ischemia-induced metabolic 
dysregulation to inflammatory amplification and secondary neuronal injury(Fig.10). Below, 
we discuss how succinate accumulation acquires pathological significance after ischemic 



stroke, how SUCNR1 enables microglia to sense and transduce this metabolic signal, and 
how downstream HIF-1α activation and glycolytic reprogramming may provide a 
mechanistic basis for targeted therapeutic intervention. 

Metabolic disruption is a hallmark of ischemic stroke, yet the roles of individual 
metabolites in shaping disease progression remain incompletely defined. Our metabolomic 
analyses reveal that succinate accumulation is a robust and reproducible response to 
ischemia–reperfusion, consistently observed in human ischemic brain tissue, experimental 
mouse models, and the circulation of stroke patients[35,36]. Importantly, elevated 
succinate levels correlated strongly with infarct severity and unfavorable clinical outcomes, 
and multivariable regression analysis identified succinate as an independent prognostic 
risk factor[37,38]. These findings extend prior observations of ischemia-induced succinate 
accumulation and establish its clinical relevance in human stroke. Functional manipulation 
of succinate availability provided direct evidence for its pathogenic role. Exogenous 
succinate supplementation exacerbated infarct volume, worsened neurological deficits, 
and amplified neuroinflammation[38], pharmacological inhibition with malonate conferred 
marked neuroprotection[35]. Notably, although inhibition of succinate dehydrogenase 
would be expected to increase succinate under classical oxidative TCA cycle conditions, 
ischemic succinate accumulation occurs through a distinct metabolic context in which SDH 
can operate in reverse. In this setting, fumarate overflow derived from purine nucleotide 
breakdown and partial reversal of the malate–aspartate shuttle drives succinate production 
during ischemia. Thus, inhibition of SDH within the ischemic phase may limit reverse SDH-
dependent succinate generation and reduce the pathological net accumulation of 
succinate, rather than simply blocking succinate oxidation[13]. This interpretation is 
consistent with our observation that DSM reduced ischemia-induced succinate 
accumulation and attenuated downstream inflammatory injury. Collectively, these results 
support the concept that succinate is not merely a metabolic marker of ischemic stress but 
a causal mediator that aggravates ischemic brain injury.  

Having established succinate as a pathogenic mediator rather than merely a marker 
of ischemic stress[20,39,40], it becomes important to define how this metabolite is sensed 
within the ischemic brain. We identify SUCNR1 as the principal receptor through which 
extracellular succinate drives microglial inflammatory activation after ischemic stroke. 
Although SUCNR1 has been studied in peripheral immune cells and metabolic 
tissues[13,20,41], its role in the central nervous system—particularly in microglia under 
ischemic conditions—has remained largely unexplored. We demonstrate that SUCNR1 
expression is selectively upregulated in microglia within the ischemic hemisphere, with 
minimal changes observed in neurons or astrocytes, highlighting a cell-type–specific 
response to ischemic metabolic stress. Genetic deletion or knockdown of Sucnr1 markedly 
attenuated neurological deficits, reduced neuronal apoptosis, and suppressed microglial 
proliferation and inflammatory activation after stroke[13,42]. Although the M1/M2 
framework oversimplifies the dynamic and heterogeneous nature of microglial responses 
after stroke, it remains a useful operational classification for describing the inflammatory 
and inflammation-resolving features observed in this study. Within this framework, these 
protective effects were accompanied by a shift in microglial phenotype toward a more 
ramified, homeostatic-like morphology, reduced M1-like inflammatory activation, and 



enhanced M2-like inflammation-resolving features[43,44]. This expands the role of 
succinate from an intracellular mitochondrial intermediate to an extracellular 
immunometabolic signal capable of instructing microglial behavior in the ischemic brain.  

Beyond its established role in inflammatory signaling, our findings reveal that SUCNR1 
sustains post-ischemic microglial inflammation by modulating the metabolic state required 
for prolonged immune activation. Given that persistent activation of myeloid cells is tightly 
linked to metabolic rewiring, especially a shift toward glycolysis, we examined whether 
SUCNR1 signaling regulates microglial glycolytic responses after ischemic injury. 
Transcriptomic profiling and pathway enrichment analyses revealed that SUCNR1 
signaling strongly influences glycolysis-related gene networks[45–47]. Functional 
metabolic assays confirmed that Sucnr1 knockdown or deletion significantly suppressed 
glycolytic flux and glycolytic capacity in activated microglia, accompanied by 
downregulation of key glycolytic enzymes [48]. Together, these transcriptomic and 
functional metabolic data support a model in which SUCNR1 signaling reinforces microglial 
inflammatory activation by driving glycolytic reprogramming after ischemic injury. Such 
metabolic reprogramming is increasingly recognized as a prerequisite for sustained 
inflammatory activation in immune cells [49]. By linking extracellular succinate sensing to 
intracellular metabolic remodeling, SUCNR1 may therefore provide a mechanistic bridge 
between ischemia-driven metabolic stress and microglial inflammatory effector functions 
[47,50]. These observations suggest that SUCNR1-dependent metabolic remodeling 
requires a transcriptional program capable of coordinating glycolysis and inflammatory 
activation. 

To further define how SUCNR1 activation is translated into glycolytic and inflammatory 
transcriptional programs, we focused on HIF-1α, a central regulator of hypoxia-responsive 
metabolism and inflammatory gene expression. Our findings identify HIF-1α as a key 
downstream effector of SUCNR1 signaling in microglia, linking extracellular metabolic 
stress to redox-sensitive transcriptional reprogramming under ischemic conditions[40,47]. 
Although succinate has been shown to stabilize HIF-1α through inhibition of prolyl 
hydroxylases in other contexts, our data demonstrate that SUCNR1 signaling critically 
regulates HIF-1α protein accumulation and nuclear localization in microglia without 
substantially altering its transcription. Rescue experiments using the HIF-1α agonist 
DMOG and inhibition with PX-478 further establish that HIF-1α activity is necessary and 
sufficient to mediate SUCNR1-dependent glycolytic reprogramming and inflammatory 
gene expression[17,51]. 

Importantly, the impact of SUCNR1/HIF-1α signaling was not limited to cytokine 
production or metabolic remodeling. Microglial responses after stroke encompass not only 
inflammatory mediator production but also functional behaviors such as debris clearance 
and lesion-directed migration. Our observation that Sucnr1 knockdown reduced both 
phagocytic capacity and migratory responses suggests that SUCNR1 participates in 
broader injury-responsive microglial programs, rather than solely amplifying inflammatory 
gene expression [43,52]. This finding highlights the complexity of targeting SUCNR1 
therapeutically: effective intervention should restrain maladaptive inflammatory 
metabolism without completely abolishing microglial functions required for tissue 
surveillance and repair.  



These findings provide a mechanistic rationale for targeting the succinate–SUCNR1–
HIF-1α axis in ischemic stroke. Because systemic modulation of succinate metabolism may 
affect multiple tissues, efficient and lesion-directed delivery is critical[13,53]. However, 
effective delivery of metabolic inhibitors to the ischemic brain remains a major 
challenge[54,55]. To address this, we developed an RGD-modified mesoporous 
nanoparticle system for targeted delivery of the succinate dehydrogenase inhibitor DSM. 
By limiting succinate accumulation at the metabolic origin of this pathway, DSM may reduce 
extracellular succinate availability, attenuate SUCNR1 activation, and suppress 
downstream HIF-1α-dependent glycolytic and inflammatory reprogramming in microglia. 
This nanoplatform exhibited favorable biocompatibility, selective accumulation in ischemic 
brain regions, and superior therapeutic efficacy compared with free DSM administration. 
By suppressing microglial glycolysis and inflammatory activation, the targeted nanotherapy 
significantly reduced infarct volume and improved long-term functional recovery, 
underscoring the translational potential of targeting immunometabolic pathways in 
ischemic stroke[56]. Thus, spatially restricted targeting of succinate-driven 
immunometabolic signaling may represent a feasible strategy to mitigate post-ischemic 
neuroinflammation while minimizing systemic metabolic interference. 
Conclusions, limitations, and future directions 

In summary, our study defines succinate as a key metabolic driver of post-ischemic 
neuroinflammation and identifies SUCNR1 as a central microglial receptor that couples 
extracellular metabolic stress signals to intracellular inflammatory and metabolic 
reprogramming via HIF-1α. By elucidating this succinate–SUCNR1–HIF-1α axis, our work 
provides a mechanistic link between ischemia-driven metabolic imbalance and redox-
associated inflammatory amplification in the post-stroke brain. 

Several limitations should be acknowledged. First, although SUCNR1 was 
preferentially upregulated in microglia after ischemic stroke and Sucnr1 deletion or 
knockdown attenuated microglial inflammatory and metabolic activation, the use of global 
Sucnr1 knockout mice precludes definitive attribution of the neuroprotective effects 
exclusively to microglial SUCNR1. Potential contributions from other neurovascular unit 
cells, including endothelial cells and pericytes, cannot be excluded. Moreover, constitutive 
Sucnr1 deletion may have systemic consequences because SUCNR1 is also expressed 
in peripheral metabolically active tissues, particularly white adipose tissue. Sucnr1 has 
been reported to regulate adipose mass, glucose homeostasis, adipocyte-derived leptin 
dynamics, adipose tissue macrophage infiltration, and osteoclastogenesis[24,57–59]. 
Therefore, potential changes in body weight, leptin secretion, systemic energy metabolism, 
muscle function, exercise adaptability, postnatal growth, neuromuscular innervation, or 
skeletal development could indirectly influence ischemic injury and behavioral recovery. 
Although no gross abnormalities were observed during routine animal handling, these 
systemic parameters were not systematically examined. Thus, future studies using 
inducible microglia-specific Sucnr1 conditional knockout mice or cell-type-specific rescue 
strategies are required to define the cell-autonomous role of microglial SUCNR1 in stroke 
pathology. Second, although HIF-1α was identified as a key downstream mediator, the 
proximal signaling events linking SUCNR1 activation to HIF-1α stabilization under ischemic 
redox stress remain to be defined. Finally, larger multicenter cohorts are needed to validate 



circulating succinate as a prognostic biomarker. Future studies should clarify the cell-type-
specific roles of SUCNR1, resolve its downstream redox-sensitive signaling nodes, and 
optimize metabolic-targeted therapies in combination with reperfusion-based treatments. 
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Figure S1. Common differentially expressed metabolites are enriched in the TCA 
cycle at different time points in the warm ischemia mouse model. 
(a) Principal component analysis (PCA) showing the distribution of brain metabolites at 
different time points after warm ischemia in mice. Data are adapted from Mottahedin A et 
al., Redox Biology, 2023. 
(b) Volcano plots illustrating upregulated and downregulated metabolites at each time 
point. 
(c) Venn diagram displaying the overlap of differentially expressed metabolites across 
pairwise group comparisons. 
(d, e) Pathway enrichment analyses indicating significant enrichment of the tricarboxylic 
acid (TCA) cycle among the differentially expressed metabolites. 



 

Figure S2. Administration of DSM during the ischemic phase confers optimal 
therapeutic effects in ischemic stroke. 
(a) Schematic illustration of DSM administration at different stages: pre-ischemia, during 
ischemia, and after reperfusion (created with BioRender). 
(b) Representative TTC-stained images showing the effects of DSM treatment at different 
time points on acute ischemia–reperfusion brain injury. 
(c) Quantitative analysis of infarct volume measured by TTC staining at different 
administration time points (n = 6–9). 
(d) Modified neurological severity score (mNSS) assessed on day 7 after acute 
ischemia–reperfusion. 
(e) Survival rate and body weight changes of mice treated with DSM during the ischemic 
phase in the acute I/R model (n = 12–25). 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
or two-way ANOVA followed by Tukey’s post hoc test. ns = not significant, *p < 0.05, **p < 
0.01, **p < 0.001. 



 



Figure S3. DSM regulates transcriptomic pathway enrichment and attenuates 
mitochondrial oxidative stress in microglia. 
(a, b) Differential gene expression analysis presented as volcano plots, with significantly 
altered genes defined by |logFC| > 1 and adjusted P < 0.05 (n = 3). 
(c) Pathway enrichment analysis showing that genes upregulated in the LPS vs Ctrl 
comparison and downregulated in the LPS + DSM vs LPS comparison were significantly 
enriched in multiple shared Gene Ontology (GO) biological processes, including cellular 
response to biological stimuli, reactive oxygen species (ROS) metabolic process, 
interleukin-6 (IL-6) production, inflammatory cytokine generation, regulation and 
activation of immune responses, and neuronal apoptosis. 
(d) Heatmap illustrating expression patterns of genes involved in key biological 
processes, including cellular response to biological stimuli, ROS metabolic process, 
innate immune response, and tumor necrosis factor (TNF) superfamily cytokine 
production, across different treatment groups. 
(e) MitoSOX fluorescence staining showing mitochondrial superoxide levels in primary 
microglia under different treatments. Scale bars = 50 μm (left) and 20 μm (right). 
(f, g) Quantitative analysis of mitochondrial and intracellular ROS levels in primary 
microglia following DSM treatment. 
(h) Immunofluorescence images showing the expression of the mitochondrial outer 
membrane marker TOM20 in primary microglia. Scale bar = 100 μm. 
(i, j) Quantification of TOM20 fluorescence intensity and the proportion of TOM20-
positive cells after DSM intervention. 
(k) Seahorse XF mitochondrial stress test measuring the oxygen consumption rate 
(OCR) in primary microglia under control (Ctrl), LPS, and LPS + DSM conditions. 
(l) Quantification of basal respiration (basal OCR). 
(m) Quantification of maximal respiratory capacity (maximal OCR). 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post hoc test.*p < 0.05, **p < 0.01, **p < 0.001. 



 

Figure S4. DSM ameliorates neuronal mitochondrial dysfunction and apoptosis 
under a microglia-mediated inflammatory microenvironment. 
(a) Schematic illustration of the experimental workflow (created with BioRender). Primary 
microglia were stimulated with LPS, and the conditioned medium (CM) was collected and 
applied to HT22 mouse hippocampal neuronal cultures. Three experimental groups were 
established: Control (Ctr, culture medium from untreated microglia), CM (conditioned 
medium from LPS-stimulated microglia), and CM + DSM (conditioned medium from 
microglia treated with both LPS and DSM). 
(b) Representative fluorescence microscopy images showing changes in mitochondrial 
reactive oxygen species (ROS) levels and mitochondrial morphology in neurons, as 
detected by MitoSOX and MitoTracker staining. Scale bar = 50 μm. 
(c) Flow cytometric dot plots illustrating the distribution of neuronal cell populations in 
each group. 
(d) Quantitative analysis of neuronal apoptosis following DSM treatment. 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post hoc test. **p < 0.01, ***p < 0.001. 



 

Figure S5. Sucnr1 expression in neurons and astrocytes after acute stroke and 
under different treatments in vitro. 



(a) Representative immunofluorescence images showing colocalization of Sucnr1 with 
the neuronal marker NeuN in the cortex and striatum of Sham and I/R mice. Low- 
and high-magnification views are presented, with scale bars = 200 μm and 20 μm, 
respectively. 

(b) Immunofluorescence staining showing Sucnr1 expression in astrocytes in the cortical 
and striatal regions of Sham and I/R mice. Scale bars = 200 μm and 20 μm. 
(c) Quantification of Sucnr1 fluorescence intensity in NeuN⁺ neurons within the ipsilateral 
cortex and striatum at day 3 after I/R (n > 50 cells per group). 
(d) Quantification of Sucnr1 fluorescence intensity in astrocytes in the ipsilateral cortex 
and striatum at day 3 after I/R (n > 50 cells per group). 
(e, f) qPCR and (g, h) Western blot analyses were performed to detect the expression 
levels of Sucnr1 in microglia under different treatment conditions, with n = 3 per group. 
Data are presented as mean ± SEM. Comparisons between groups were performed 
using an unpaired two-tailed Student’s t-test. ***p < 0.001, ns = not significant. 

 

Figure S6.TUNEL staining reveals neuronal apoptosis in the ipsilateral striatum 
after acute stroke. 
(a) Representative immunofluorescence images of the ipsilateral striatum showing 
colocalization of NeuN, a neuronal marker, with TUNEL, an apoptosis marker, to evaluate 
neuronal apoptosis. Scale bar = 50 μm. 
(b) Quantification of apoptotic neurons, expressed as the percentage of NeuN⁺/TUNEL⁺ 
cells in each group (n = 5 per group).Data are presented as mean ± SEM. Statistical 
analyses were performed using one-way or two-way ANOVA followed by Tukey’s post 
hoc test.*p < 0.05, ***p < 0.001. 



 

 

Figure S7. Transcriptomic pathway alterations after Sucnr1 knockdown in microglia. 
(a) Volcano plot and bar graph showing differentially expressed genes (DEGs) in LPS-

stimulated microglia (LPS+siNC) compared with control (Ctrl+siNC), along with Gene 
Ontology (GO) pathway enrichment analysis of these DEGs. 

(b) Volcano plot and GO enrichment analysis of DEGs in the LPS+siSucnr1 group 
compared with the LPS+siNC group, reflecting transcriptomic changes following Sucnr1 
knockdown. DEGs were defined by |log₂FC| > 1 and adjusted P (P adj.) < 0.05 (n = 3). 
(c, d) Heatmaps depicting the expression patterns of genes related to phagocytic function 
and cell migration across the three groups. 



 

Figure S8. Sucnr1 deletion attenuates microglial polarization and metabolic 
reprogramming after acute stroke. 
(a) qPCR analysis of mRNA expression levels of M1-like microglial pro-inflammatory 
markers, including TNF-α, IL-1β, iNOS, IL-1α, and CD32, in the ipsilateral cortex of WT-
sham, WT-I/R, Sucnr1 KO-sham, and Sucnr1 KO-I/R mice. 
(b) qPCR assessment of M2-like microglial anti-inflammatory markers, including Arg1, IL-
10, and TGF-β1, in the same groups. 
(c) ELISA quantification of IL-6, IL-1β, and TNF-α protein levels in brain tissue 
homogenates. 
(d) Schematic illustration of the experimental workflow (created with BioRender): CD11b⁺ 
microglia were isolated using magnetic beads, followed by analysis of extracellular 
acidification rate (ECAR) using a Seahorse XF analyzer. 
(e) Real-time ECAR profiles obtained by Seahorse XF analysis, reflecting dynamic 
changes in glycolytic activity in microglia from each group (n = 4). 
(f) Quantification of basal glycolysis based on ECAR measurements (n = 4). 
(g) Quantification of glycolytic capacity in microglia from the indicated groups (n = 4). 
Data are presented as mean ± SEM. Statistical analyses were performed using one-way 
or two-way ANOVA followed by Tukey’s post hoc test.*p < 0.05, **p < 0.01, **p < 0.001. 
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