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Abstract 22 

Background: Cerebral ischemia/reperfusion injury (CI/RI) is a critical secondary 23 

injury that occurs after recanalization therapy for acute ischemic stroke, in which 24 

aberrant mitophagy triggers neuronal loss and neurological dysfunction. Serglycin 25 

(SRGN) is a secretory proteoglycan that regulates inflammation and protein stability, 26 

and it is implicated in multiple inflammatory diseases and tumors. However, its role in 27 

CI/RI-induced neuronal injury remains unknown. This study aimed to investigate the 28 

function and underlying mechanism of SRGN in CI/RI, and to explore a targeted 29 

therapeutic strategy based on SRGN silencing. 30 

Methods: SRGN expression was measured in serum samples from patients with acute 31 

cerebral infarction, in brain tissues of middle cerebral artery occlusion/reperfusion 32 

(MCAO/R) mice, and in oxygen glucose deprivation/reoxygenation (OGD/R)-exposed 33 

neurons. Loss- and gain-of-function experiments were performed in vitro using SRGN 34 

knockdown and overexpression, with neuronal injury assessed by LDH release, ROS 35 

accumulation, glutathione content, and pro-inflammatory cytokine levels. The 36 

interaction between SRGN and SLC7A11 was evaluated by molecular docking, and the 37 

involvement of ubiquitin–proteasomal degradation and mitophagy was examined. 38 

HG106-mediated SLC7A11 inhibition was used to validate the mechanistic axis. In 39 

vivo, red blood cell-derived extracellular vesicles loaded with siRNA targeting SRGN 40 

(RBC-EVs@siSRGN) were evaluated in MCAO/R mice for blood-brain barrier 41 

penetration, gene silencing efficiency, and therapeutic efficacy by measuring infarct 42 

volume, neuroinflammation, autophagy balance, and neurological deficits. 43 
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Results: SRGN was elevated in the serum of acute cerebral infarction patients, as well 44 

as in brain tissues of MCAO/R mice and OGD/R-exposed neurons. In vitro, SRGN 45 

knockdown alleviated OGD/R-induced neuronal damage, evidenced by decreased LDH 46 

release, ROS accumulation, and pro-inflammatory cytokines, together with increased 47 

glutathione content, whereas SRGN overexpression aggravated neuronal injury. 48 

Mechanistically, SRGN directly interacted with SLC7A11 and promoted its ubiquitin–49 

proteasomal degradation, leading to mitochondrial dysfunction and excessive 50 

mitophagy; HG106-mediated SLC7A11 inhibition abolished the neuroprotective 51 

effects of SRGN silencing, confirming the SRGN/SLC7A11/mitophagy axis in CI/RI. 52 

In MCAO/R mice, RBC-EVs@siSRGN efficiently crossed the blood–brain barrier, and 53 

effectively silenced cerebral SRGN in vivo, resulting in reduced infarct volume, 54 

relieved neuroinflammation, restored mitophagy balance, and improved neurological 55 

deficits. 56 

Conclusions: SRGN exacerbates CI/RI by promoting SLC7A11 degradation and 57 

pathological mitophagy. Circulating SRGN may serve as a promising non-invasive 58 

biomarker for acute cerebral infarction, and RBC-EVs@siSRGN represents an 59 

effective targeted therapy for ischemic stroke. 60 

Keywords: cerebral ischemia/reperfusion injury; SRGN; SLC7A11; mitophagy-61 

dependent cell death; oxidative stress; red blood cell-derived extracellular vesicles 62 
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Bullet points 64 

• SRGN is upregulated in the serum of patients with acute cerebral infarction and in the 65 
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brains of MCAO/R mice and OGD/R-injured neurons. 66 

• SRGN promotes excessive mitophagy-dependent neuronal death by suppressing 67 

SLC7A11 protein stability through the ubiquitin-proteasome pathway. 68 

• Pharmacological blockade of SLC7A11 reverses the neuroprotection of SRGN 69 

knockdown, defining the SRGN/SLC7A11/excessive mitophagy axis. 70 

• RBC-EVs@siSRGN crosses the blood-brain barrier, silences SRGN, and confers 71 

neuroprotection against CI/RI in MCAO/R mice. 72 
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1. Introduction 73 

Acute ischemic stroke (AIS) is a leading global cause of death and permanent disability 74 

[1]. Thrombolytic therapy and mechanical thrombectomy are the first-line reperfusion 75 

treatments for AIS patients [2, 3]. Despite satisfactory recanalization efficacy, the 76 

restoration of blood flow often triggers secondary cerebral ischemia/reperfusion injury 77 

(CI/RI) [4]. This complication undermines therapeutic benefits and limits functional 78 

recovery and long-term outcomes [5-13]. CI/RI pathogenesis involves multiple 79 

detrimental cascades. Overactivated mitophagy, redox disruption, and neuronal loss are 80 

core hallmarks that together worsen neurological impairment [3, 5, 14]. Identifying key 81 

pathogenic molecules that control neuronal survival and restore mitophagy balance is 82 

therefore critical for developing effective CI/RI interventions. 83 

Mitophagy is a vital mitochondrial quality-control mechanism that selectively clears 84 

impaired mitochondria, exerting dual regulatory effects on neuronal survival during 85 

CI/RI pathogenesis [15-18]. Moderate activation of mitophagy in the early stage of 86 

ischemia can promptly eliminate damaged mitochondria, reduce ROS release, and 87 

block the activation of the apoptosis pathway, thereby exerting neuroprotective effects 88 

and mitigating primary ischemic injury [19, 20]. Conversely, if the ischemia-89 

reperfusion stimulus persists or its intensity is excessive, mitophagy becomes 90 

uncontrolled and overactivated, indiscriminately degrading normally functional 91 

mitochondria, causing collapse of energy metabolism, accelerating neuronal death, and 92 

aggravating brain tissue damage [16, 21]. Therefore, precise regulation of the balance 93 

of mitophagy has become a core breakthrough point for CI/RI intervention. Moderately 94 



 6 

promoting mitophagy can alleviate CI/RI, whereas either insufficient or excessive 95 

activation of mitophagy will worsen brain injury. Nevertheless, the critical upstream 96 

regulators responsible for triggering lethal mitophagy overactivation in CI/RI have not 97 

been fully characterized. 98 

Serglycin (SRGN) is a highly conserved secretory sulfated proteoglycan that regulates 99 

the stability, distribution, and signal transduction activity of target proteins by binding 100 

to various effector molecules such as cytokines, chemokines, proteases, and membrane 101 

receptors, thereby broadly mediating key biological processes including cell adhesion, 102 

migration, invasion, and inflammatory responses [22, 23]. It plays an important 103 

regulatory role in various pathological processes such as the occurrence and 104 

development of tumors, immune-inflammatory disorders, and cardiovascular diseases 105 

[24]. Existing studies have confirmed that SRGN can mediate the malignant phenotype 106 

of tumors and chemotherapy resistance, making it a potential diagnostic and therapeutic 107 

target for tumors; at the same time, it regulates immune-inflammatory activation and 108 

participates in cardiovascular lesions such as atherosclerosis and myocardial injury, 109 

possessing value for inflammation monitoring [23, 25-32], suggesting that SRGN may 110 

become a potential molecular target for the diagnosis, prognostic assessment, and 111 

targeted intervention of various diseases. Although previous studies have confirmed 112 

that SRGN as a driver of microglia-mediated neuroinflammation followingr ischemic 113 

stroke [33], the direct effect of SRGN on neurons after CI/RI and its downstream 114 

molecular mechanism have not been elucidated. The biological functions of SRGN in 115 

the central nervous system, particularly its regulatory mechanism in CI/RI, have not yet 116 
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been systematically reported. 117 

In this study, we first measured peripheral circulating SRGN levels in patients with 118 

acute cerebral infarction to evaluate its diagnostic value for CI/RI. Subsequently, we 119 

investigated the pathogenic role of SRGN in oxygen glucose deprivation/reoxygenation 120 

(OGD/R) neuronal models and middle cerebral artery occlusion/reperfusion (MCAO/R) 121 

mice models. Previous studies have found that SLC7A11 can regulate mitophagy 122 

activity via the ROS/αKG-AMPK signaling axis, thereby aggravating liver injury [34]. 123 

SLC7A11 can also regulate mitophagy in esophageal squamous cell carcinoma cells, 124 

and its expression level is positively correlated with mitophagy activity [35]. This study 125 

further investigated whether SRGN promotes SLC7A11 degradation, thereby inducing 126 

excessive activation of mitophagy and ultimately aggravating CI/RI. In addition, we 127 

constructed red blood cell-derived extracellular vesicles loaded with siRNA targeting 128 

SRGN (RBC-EVs@siSRGN) and validated their neuroprotective effects both in vitro 129 

and in vivo. This study elucidates a novel molecular mechanism underlying 130 

reperfusion-induced CI/RI, while also demonstrating that SRGN may serve as a 131 

noninvasive biomarker and a targeted therapeutic candidate for ischemic stroke. 132 

2. Materials and methods 133 

2.1 Cell culture 134 

The human neuroblastoma cell line SH-SY5Y (Cat.No. BC-C-HU-023) and the mouse 135 

hippocampal neuron cell line HT22 (Cat.No. BC-C-MI-004) were purchased from 136 

Nanjing BioChannel Biotechnology Co., Ltd. (Nanjing, China). The cell identities of 137 

SH-SY5Y and HT22 have been verified through STR profiling. SH-SY5Y cells were 138 
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cultured in DMEM/F12 medium (VivaCell, China, C3132-0500) supplemented with 15% 139 

fetal bovine serum (FBS, Excell Bio, China, FSS500) and 100 U 140 

penicillin/streptomycin (Beyotime, China, C0222). HT22 cells were cultured in High-141 

DMEM medium (Cytiva, China, BC-M-005) supplemented with 10% FBS and 100 U 142 

penicillin/streptomycin. All cells were maintained in an incubator at 37℃ with 5% CO2 143 

and passaged upon reaching 80%–90% confluence. Each cell line was authenticated by 144 

STR analysis and confirmed to be free of mycoplasma contamination using the Myco-145 

LumiTM Luminescent Mycoplasma Detection Kit (Beyotime, China, C0297S). 146 

2.2 Establishment of the OGD/R Cell Model 147 

Preparation of sodium dithionite: Weigh 0.174 g of sodium dithionite powder and 148 

dissolve it in 1 mL of glucose-free cell culture medium to prepare a 1 M sodium 149 

dithionite stock solution. Serially dilute the stock solution with the corresponding 150 

glucose-free cell culture medium to obtain 10 mM and 5 mM sodium dithionite working 151 

solutions. 152 

After confirming that SH-SY5Y cells and HT22 cells are in a stable and optimal growth 153 

state, treat both cell types with different concentrations of sodium dithionite working 154 

solution for 2 h to induce oxygen glucose deprivation. Subsequently, discard the 155 

treatment solution, replace it with normal cell culture medium, and perform 156 

reoxygenation and glucose restoration culture of the cells for 22 h, thereby successfully 157 

establishing moderate and severe OGD/R cell models. The normal cell culture medium 158 

group was set as the blank control group to exclude any interference from the culture 159 

medium itself on the experimental results. 160 
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2.3 Experimental animals and treatment intervention 161 

C57BL/6 mice (male, 7–8 weeks, 19 ± 1 g) were purchased from rom GemPharmatech 162 

Co., Ltd. (Jiangsu, China). The animals were housed in a clean, ventilated environment 163 

maintained at 23 ± 2 ℃ and 55% ± 5% relative humidity, a daily temperature 164 

fluctuation of no more than 3 ℃, and a 10 h/14 h light/dark cycle, and were maintained 165 

strictly under a specific-pathogen-free (SPF) barrier system. All animal care and 166 

experimental procedures were approved by the Experimental Animal Management and 167 

Use Committee of Jiangsu University (Approval no. UJS-IACUC-AP-2026022811). 168 

All animal experiments complied with national animal welfare regulations and the 169 

guidelines endorsed by the International Council for Laboratory Animal Science 170 

(ICLAS). 171 

After one week of acclimation, the mice were randomly assigned to four groups for 172 

model establishment. In order to establish the MCAO/R mouse model, once the mental 173 

status, dietary intake, and activity of the mice were stable, they were anesthetized. The 174 

neck skin was incised, and the common carotid artery, internal carotid artery, and 175 

external carotid artery were dissected layer by layer to fully expose the bifurcation. A 176 

microincision was made on the proximal side of the bifurcation of the left common 177 

carotid artery in the prone position, and a filament was slowly inserted through the 178 

incision into the internal carotid artery until it reached the bifurcation of the middle 179 

cerebral artery; the insertion length was approximately 9±1 mm. The insertion was 180 

stopped immediately upon feeling slight resistance to establish the middle cerebral 181 

artery occlusion model. After 90 minutes of ischemia, the filament was slowly 182 
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withdrawn to restore cerebral blood supply, completing the reperfusion procedure. 183 

Subsequently, the neck skin was sutured, and the mice were placed on a thermostatic 184 

heating pad to maintain body temperature. After they regained consciousness 185 

spontaneously, they were transferred to housing cages for conventional rearing. Two 186 

hours after the MCAO/R procedure, the mice received 200 μL of PBS solution 187 

(MCAO/R+PBS group, n=10), 200 μL of RBC-EVs@siCTR complex 188 

(MCAO/R+RBC-EVs@siCTR group, n=8), or 200 μL of RBC-EVs@siSRGN 189 

complex (MCAO/R+RBC-EVs@siSRGN group, n=8) via tail vein injection, 190 

respectively. Meanwhile, mice that underwent anesthesia, cervical skin incision, and 191 

cervical vessel dissection without filament insertion, while the remaining procedures 192 

were identical to those in the MCAO/R experimental group, received no additional 193 

intervention and were maintained under conventional housing post-surgery as the sham 194 

group (Sham group, n=6). At the end of the study, all animals were euthanized. Blood 195 

and brain tissue samples were collected from the mice for further investigation. 196 

2.4 Human serum samples  197 

Blood samples were collected from 20 patients with a clinical diagnosis of acute 198 

cerebral infarction at Wujin Hospital Affiliated with Jiangsu University, Changzhou, 199 

China, after obtaining informed consent. All included acute cerebral infarction cases 200 

were met the relevant diagnostic criteria for acute cerebral infarction. Twenty healthy 201 

volunteers matched in baseline characteristics such as age and sex were recruited as the 202 

control group from Wujin Hospital Affiliated with Jiangsu University. All subjects 203 

received EDTA anticoagulant peripheral venous blood on fasting condition, and the 204 
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serum was separated by high-speed centrifugation and stored at -80 °C. All subjects in 205 

this study signed a written informed consent form. The human serum samples (human 206 

material) involved in this study have been reviewed and approved by the Medical Ethics 207 

Committee of Jiangsu University. The ethical approval document explicitly states that 208 

this research complies with the principles of the Declaration of Helsinki and relevant 209 

national regulations of China. All experiments using human serum samples in this work 210 

were performed strictly in accordance with the approved ethical protocol. 211 

2.5 Measurement of serum SRGN concentration 212 

The serum SRGN concentration was measured in both patients and controls using 213 

commercial ELISA kits (Shanghai Jianglai Biotechnology Co., Ltd, China, JL53890). 214 

Following the manufacturer's instructions, 100 µL of serum samples to be tested and 215 

serially diluted standards were added to a 96-well plate pre-coated with a specific 216 

capture antibody. Biotin-labeled secondary antibody and enzyme-conjugated antibody 217 

were then added sequentially, and the plate was incubated to form a stable immune 218 

sandwich complex. After washing away unbound substances, TMB chromogenic 219 

solution was added for color development in the dark, and the reaction was terminated 220 

with stop solution. The absorbance readings were recorded at a specific wavelength of 221 

450 nm using the SpectraMax M2 multifunctional microplate reader from Molecular 222 

Devices. And the final concentration of SRGN in each sample was calculated based on 223 

the standard curve. 224 

2.6 Transcriptome data retrieval  225 

Relevant transcriptome data were downloaded from the Gene Expression Omnibus 226 
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(GEO) database, with dataset accession numbers GSE22255, GSE270958, and 227 

GSE232244. According to Article 32 of Chapter 3 of the "Measures for Ethical Review 228 

of Life Science and Medical Research Involving Human Subjects" issued by the 229 

National Science and Technology Ethics Committee of China, the use of legally 230 

obtained, publicly available personal information data or biological samples for life 231 

science and medical research is exempt from ethical review. 232 

2.7 Cell transfection of plasmid and siRNA 233 

The Homo-SRGN overexpression plasmid (pLent‑SV40‑Puro‑CAG‑MCS-pSRGN) 234 

and control plasmid (pLent‑SV40‑Puro‑CAG‑MCS-pCTR) were purchased from 235 

Vigene Biosciences Co., Ltd., Shandong, China. And the Mus-SRGN siRNA and 236 

control siRNA were purchased from GeneCreate Biological Engineering Co., Ltd., 237 

Wuhan, China. Specific sequences are detailed in Table 1. 238 

The well-grown cells were seeded into a 6-well plate at a density of 1.0×105/well. 239 

Transfection was performed when the cell confluence reached 60%–70%. One hour 240 

before transfection, the original culture medium was discarded, and 1.5 mL of 241 

Opti‑MEM medium (Gibco, USA, 31985070) was added to each well, after which the 242 

plate was returned to the cell culture incubator for incubation until use. Plasmids and 243 

siRNA were transfected into the corresponding cells using Lipofectamine 2000 244 

(Invitrogen, USA, 11668019) transfection reagent in strict accordance with the 245 

manufacturer’s instructions. Cells were collected 72 hours after transfection, and 246 

transfection efficiency was verified at the mRNA and protein levels by qPCR and 247 

Western blot respectively. 248 
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Table 1. Sequences of siRNAs 249 

Name Sense sequence 5'–3' Antisense sequence 5'–3' 

Mus‑siSRGN-1 CGAACUGCAUCGAGGAGAATT UUCUCCUCGAUGCAGUUCGTT 

Mus‑siSRGN-2 CUCCCAUGAAUAAUCCUGUUUTT AAACAGGAUUAUUCAUGGGAGTT 

Mus‑siSRGN-3 CCAACAGAUGAAAGCAAUAUUTT AAUAUUGCUUUCAUCUGUUGGTT 

Mus‑siCTR UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT 

2.8 Lentivirus-mediated construction of SRGN knockdown cell lines 250 

The Homo-SRGN lentivirus and control lentivirus were purchased from Vigene 251 

Biosciences Co., Ltd., Shandong, China. The sequences are detailed in Table 2. 252 

The well-grown cells were seeded into a 6-well plate at a density of 1.0×105/well. 253 

Transfection was performed when the cell confluence reached 30%–50%. Discard the 254 

original culture medium, add 1 mL of basal medium containing the corresponding 255 

lentivirus, and incubate the cells in a CO₂ incubator for 24 h, after which supplement 256 

with 1 mL of complete medium to continue the culture. When the cells reach full 257 

confluency, observe their condition under a microscope and add complete medium 258 

containing 0.02% puromycin for selection to establish a cell line with stable knockdown 259 

of SRGN. 260 

Table 2. Sequences of shRNAs 261 

Name Sequence 5'–3' 

Homo‑shSRGN-1 CCAGGACTTGAATCGTATCTT 

Homo‑shSRGN-2 GCTGCAATCCAGACAGTAATT 

Homo‑shSRGN-3 CCTCAGTTCAAGGTTATCCTA 
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Homo-shCTR CCTAAGGTTAAGTCGCCCTCG 

2.9 HG106-treated cells 262 

Dissolve 1 mg of HG106 (SLC7A11 inhibitor, MCE, USA,HY-W451275 ) powder in 263 

631.433 μL of dimethyl sulfoxide (DMSO) to prepare a 5 mM stock solution. When 264 

cells cultured in 6-well or 24-well plates reach 50–60% confluence, subject them to 265 

OGD/R treatment, followed by treatment with a HG106 working solution at a final 266 

concentration of 5 μM for 24 h.  267 

2.10 Quantitative reverse transcription PCR (qRT-PCR)  268 

Total RNA was isolated from cultured cells and mouse brain tissue using Trizol reagent 269 

(Ambion, USA, 15596026), following the kit instructions strictly. After determining the 270 

RNA concentration and purity, the RNA was reverse-transcribed into cDNA using the 271 

HiScript III 1st Strand cDNA Kit (Vazyme, China, R312-02). For real-time quantitative 272 

PCR, the reaction mixture was prepared using ChamQ SYBR Color qPCR Master Mix 273 

(Vazyme, China, Q312-02), and amplification and detection were performed on an ABI 274 

Prism 2720 quantitative PCR instrument (Applied Biosystems, USA). β-actin was used 275 

as the internal control, and the expression levels of the target genes were normalized 276 

using relative quantification. The primer sequences used in this study are detailed in 277 

Tables 3 and 4. 278 

Table 3. Primer sequences used in RT-qRCR for Human 279 

Gene Forward 5’-3’ Reverse 5’-3’ 

SRGN GGACTGACCTTTTTCCAAAGAC GTCAAGAGACCTAAGGTTGTCA 

IL1β GGAGAATGACCTGAGCACCT GGAGGTGGAGAGCTTTCAGT 
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IL6 CCTGATCCAGTTCCTGCAGA GAACTCCTTAAAGCTGCGCA 

IL18 TGCACCCCGGACCATATTTA TCCTGGGACACTTCTCTGAA 

TGFβ TACAGCAACAATTCCTGGCG GTGAACCCGTTGATGTCCAC 

β-actin TCCTTCCTGGGCATGGAGT CAGGAGGAGCAATGATCTTGAT 

Table 4. Primer sequences used in RT-qRCR for Mice 280 

Gene Forward 5’-3’ Reverse 5’-3’ 

SRGN CTCGCCTTCGTCCTGGTTT CCTCGATGCAGTTCGCAAAAA 

IL1β ACTCATTGTGGCTGTGGAGA TTGTTCATCTCGGAGCCTGT 

IL6 TACCACTCCCAACAGACCTG ACTCCAGAAGACCAGAGGAA 

IL18 ACAACTTTGGCCGACTTCAC GGTCACAGCCAGTCCTCTTA 

TGFβ TCGCTTTGTACAACAGCACC ACTGCTTCCCGAATGTCTGA 

β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 

2.11 Western blot 281 

Proteins were extracted from SH-SY5Y, HT22, mouse brain tissue, and RBC-EVs using 282 

RIPA lysis buffer (Beyotime, China, P0013B) containing phenylmethylsulfonyl 283 

fluoride (PMSF, Biosharp, China, BL507A). Protein sample concentrations were 284 

determined using the BCA protein assay kit (Vazyme, China, E112-01). Equal volumes 285 

of protein samples were separated by 10% or 15% SDS-PAGE gel electrophoresis and 286 

then transferred to a 0.2 µm PVDF membrane (Merck, China, ISEQ00010). The 287 

membrane was blocked with 5% skim milk at room temperature for 2 hours, followed 288 

by incubation with the corresponding primary antibodies overnight at 4℃. After 289 

washing the membrane, HRP-conjugated secondary antibodiea were added and 290 
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incubated at room temperature for 2 hours. Immune complexes were visualized using 291 

the Chemi-Doc system (Tanon, Shanghai, China) along with enhanced 292 

chemiluminescence detection kit (Tanon, China, 180-5001), and grayscale values were 293 

quantitatively analyzed using ImageJ software. The relative expression levels of the 294 

target protein were normalized using GAPDH as an internal reference protein. Detailed 295 

information on the antibodies used in the experiment is provided in Table 5. 296 

Table 5. Antibodies used in Western blot 297 

Antibody Dilution Supplier Reference 

Anti-SRGN 1:800 Abclonal A25426 

Anti-P62 1:10000 Proteintech 18420-1-AP 

Anti-TOM20 1:10000 Proteintech 11802-1-AP 

Anti-LC3B 1:2000 Abclonal A19665 

Anti-SLC7A11 1:1000 Abclonal A13685 

Anti-ALIX 1:10000 Proteintech 12422-1-AP 

Anti-TSG101 1:5000 Proteintech 28283-1-AP 

Anti-CD63 1:1000 Abclonal A19023 

Anti-HBA1 1:1000 Abclonal A9293 

Anti-calnexin 1:1000 Abclonal A15631 

Anti-GAPDH 1:2000 Abclonal AC001 

HRP Goat Anti-rabbit 

IgG (H+L) 
1:2000 Abclonal AS014 

HRP Goat Anti-mouse 1:2000 Abclonal AS003 
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IgG (H+L) 

2.12 Immunofluorescence staining 298 

Cells were fixed with 4% paraformaldehyde for 30 minutes and permeabilized with 299 

Triton X-100 (Beyotime,China,P0096) for 2 minutes, then blocked with 5% BSA for 1 300 

hours. After removing the blocking solution, add the primary antibodies diluted with 5% 301 

BSA and incubate overnight at 4 ℃. The next day, incubate with the fluorescent 302 

secondary antibodies diluted with PBS for 1 hour at 37 ℃ in the dark. After washing 303 

with PBS, stain the nuclei with Hoechst 33342 dye (Beyotime, China, C1026) for 5 304 

minutes at room temperature. Invert the cell smear onto a microscope slide onto which 305 

5 µL of anti-fluorescence quenching mountant (LEAGENE, China, IH0252) had been 306 

added, acquire images using a fluorescence microscope (OLYMPUS microscopy CX41, 307 

Tokyo, Japan). Details of the antibodies used are shown in Table 6. 308 

Table 6. Antibodies used in Immunofluorescence staining 309 

Antibody Dilution Supplier Reference 

Anti-SRGN 1:200 Santa sc-374657 

Anti-LC3B 1:200 Abclonal A19665 

Anti-SLC7A11 1:200 Abclonal A13685 

FITC Goat Anti-Rabbit 

IgG (H+L) 
1:200 Abclonal AS011 

Cy3 Goat Anti-Mouse 

IgG (H+L) 
1:200 Abclonal AS008 

2.13 Immunohistochemistry staining 310 
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First, paraffin sections of striatum brain tissue were placed in xylene for gradient 311 

dewaxing, followed by dehydration in a gradient of ethanol. The sections were then 312 

immersed in citrate buffer (pH 6.0) and heated in a constant-temperature water bath at 313 

100℃ for 30 minutes to perform antigen retrieval. After allowing the sections to cool 314 

naturally to room temperature, add a 3% H2O2 solution and incubate at room 315 

temperature in the dark for 30 minutes to inactivate endogenous tissue peroxidase. Next, 316 

add 5% BSA blocking solution dropwise and block at room temperature for 1 hour. 317 

Discard the blocking solution, then add the anti-SRGN primary antibody (1:200 318 

dilution) diluted in 5% BSA, and incubate overnight in a humid chamber at 4℃. The 319 

next day, the sections were incubated with the corresponding secondary antibody 320 

(Biotin-coupled goat anti-mouse/rabbit IgG) and incubated at room temperature for 30 321 

minutes. The sections were then add Streptavidin-Biotin Complex (SABC incubation 322 

buffer, BOSTER, China, SA1064) and incubated at 37℃ for 30 minutes. Subsequently, 323 

the tissue sections were visualized with DAB Horseradish Peroxidase Color 324 

Development Kit (Boster, Wuhan, AR1025).at room temperature in the dark. The 325 

degree of staining was observed under a microscope; once the positive signal was clear 326 

and there was no significant background staining, the reaction was terminated by 327 

rinsing with distilled water. Then, the nucleus were stained with a hematoxylin solution 328 

and rinsed with tap water to restore the blue color. The sections were then dehydrated 329 

using a gradient of ethanol and cleared with xylene before being mounted with neutral 330 

resin. Finally, images were captured using a histology scanner (3DHISTECH, Hungary). 331 

2.14 Lactate dehydrogenase (LDH) Activity Assay 332 
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An LDH activity assay kit (Beyotime, China, P0393S) was used to measure cell-333 

released LDH activity according to the manufacturer’s protocol to assess cell damage. 334 

Cell culture supernatants from each group and tissue lysates were collected, centrifuged 335 

to remove impurities, and the supernatants were then tested. Add the supernatant and 336 

the LDH assay working solution to a 96-well plate in sequence, incubate at room 337 

temperature away from light until complete color development, measure the absorbance 338 

(OD value) of each well at a wavelength of 450 nm using a microplate reader, and 339 

calculate the LDH activity levels in the samples based on the kit’s standard curve. 340 

2.15 Reactive oxygen species (ROS) assay 341 

Following the manufacturer’s instructions, DCFH-DA was diluted in serum-free culture 342 

medium at a ratio of 1:1000 to prepare a working solution with a final concentration of 343 

10 μM. The cells were then incubated with the DCFH-DA working solution at 37℃ for 344 

20 minutes, gently washed with PBS to remove unbound probe, stained with Hoechst 345 

33342 for 5 minutes, and the staining results were observed under a fluorescence 346 

microscope. 347 

2.16 Glutathione (GSH) Level Assay 348 

A commercial micro-GSH assay kit (Nanjing Jiancheng Bioengineering Institute, China, 349 

A006-2-1) was used to measure the levels of reduced GSH in samples via the DTNB 350 

colorimetric method at 420 nm. Cells and serum were centrifuged and deproteinized 351 

according to the instructions. The samples were incubated in a 96-well plate at room 352 

temperature for 5 minutes to develop color, after which absorbance was measured. GSH 353 

concentrations were calculated using the provided standard curve and formula to 354 

evaluate the antioxidant levels of the samples. 355 

2.17 mRNA-seq analysis 356 
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mRNA-seq analysis was performed on OGD/R-damaged and control HT22 cell lines 357 

(n=3). The RNA libraries were generated utilizing the Illumina NovaSeqTM 6000 358 

platform, and subsequent bioinformatics analysis was performed using the OmicStudio 359 

platform (available at https://www.omicstudio.cn/tool). 360 

2.18 Mitochondrial membrane potential (MMP) assay 361 

MMP in cells was analyzed using JC-1 staining solution (Beyotime, China, C2003S). 362 

Following the manufacturer’s instructions, 5 µL of JC-1 staining solution (200×) was 363 

added to 1 mL of JC-1 staining buffer, mixed thoroughly, and set aside. Next, cells were 364 

incubated with the diluted JC-1 probes in the dark at 37℃ for 20 minutes, then stained 365 

with Hoechst 33342 for 5 minutes. Use a fluorescence microscope to detect JC-1 366 

monomers at an excitation wavelength of 490 nm and an emission wavelength of 530 367 

nm, JC-1 polymers at an excitation wavelength of 525 nm and an emission wavelength 368 

of 590 nm, and Hoechst 33342 at an excitation wavelength of 346 nm and an emission 369 

wavelength of 460 nm. 370 

2.19 Mitochondria and lysosome probe staining 371 

Cells were stained using Mito-Tracker red fluorescent probe (Beyotime, China, C1035) 372 

and Lyso-Tracker green fluorescent probe (Beyotime, China, C1047S) to detect the 373 

occurrence of mitophagy. The corresponding working solution was prepared by diluting 374 

the probe dye with complete medium according to the preparation ratio of the manual, 375 

and preincubated at 37℃. The original cell culture medium was discarded, and the pre-376 

incubated staining working solution was added. The cells were incubated for 30 min at 377 

37℃. The staining solution was discarded and Hoechst 33342 was added to stain nuclei 378 

for 5 min at room temperature. The fluorescence signal was observed by fluorescence 379 

microscope. 380 

2.20 Protein-protein docking  381 
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The X-ray crystal structure of SRGN was obtained from the Protein Data Bank. The 382 

predicted structure of SLC7A11 was generated using AlphaFold. To ensure the 383 

accuracy of the docking results, the proteins were prepared using AutoDockTools-1.5.7. 384 

Protein-protein docking was performed using the Docking Web Server (GRAMM). 385 

Finally, protein-protein interactions were predicted, and the interaction diagrams were 386 

generated using PyMOL (https://pymol.org). 387 

2.21 Co-immunoprecipitation (Co-IP) assay  388 

SH-SY5Y cells transfected with the designated plasmid were lysed and sonicated to 389 

extract total protein. In accordance with the manufacturer's protocol (Beyotime, China, 390 

P2179S), specific primary antibodies and negative control IgG were bound to Protein 391 

A/G magnetic beads and incubated on a rotary mixer at room temperature for 1 hour. 392 

Subsequently, the samples were incubated with the antibody- or normal IgG-bound 393 

Protein A+G magnetic beads on a rotary mixer at 4℃ overnight. Immunoprecipitated 394 

proteins were recovered by capturing the beads using a magnetic separator. After 395 

washing the beads 3 times with lysis buffer, the beads were resuspended in 30 μL of 396 

lysis buffer, heated with 1× SDS-PAGE protein loading buffer (Biosharp, China, 397 

BL502B) at 95 for 5 minutes, and the protein samples were analyzed by Western blot 398 

analysis. 399 

2.22 Proteasome and lysosome inhibition assay 400 

Cells were seeded into 6-well plates and cultured until approximately 70-80% 401 

confluence. Cells were transfected with an SRGN overexpression plasmid for 48 hours. 402 

Subsequently, the cells were treated with MG132 (MCE, USA, HY-13259, 10 μM), 403 

chloroquine (CQ, MCE, USA, HY-17589A, 50 μM), or an equivalent volume of DMSO 404 

as a vehicle control for 4 hours prior to harvesting. Whole-cell lysates were prepared 405 

using RIPA buffer supplemented with protease inhibitors, and Western blot analysis was 406 
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then performed to determine protein expression levels. 407 

2.23 Cycloheximide (CHX) chase assay 408 

To evaluate protein stability, cells were transfected with an SRGN overexpression 409 

plasmid for 48 hours. The cells were then treated with CHX (MCE, USA, HY-12320, 410 

20 μM) to inhibit de novo protein synthesis. Cells were harvested at the indicated time 411 

points (0, 3, 6, and 9 hours) after CHX treatment, and total protein was extracted for 412 

Western blot analysis. Relative protein abundance was quantified using ImageJ and 413 

normalized to GAPDH. 414 

2.24 Extraction of RBC-EVs 415 

Peripheral venous blood was collected from healthy type O donors and centrifuged at 416 

2,000 × g for 10 minutes to isolate red blood cells (RBCs) and remove plasma and white 417 

blood cell components. The purified RBCs were resuspended in PBS. The RBCs 418 

suspension was sequentially extruded through 5 μm and 1 μm polycarbonate membrane 419 

filters 4 times each using a mini-extruder (Avanti Polar Lipids, USA). The extruded 420 

sample was ultracentrifuged at 100,000 × g for 70 minutes at 4 ℃ to enrich RBC-EVs. 421 

The RBC-EVs were resuspended in PBS and stored at -80 ℃ for future use. The 422 

exosomal protein concentration was determined using a detergent-free BCA protein 423 

assay kit. 424 

2.25 Nanoparticle tracking analysis （NTA） 425 

The quantity and particle size distribution of RBC-EVs were determined by NTA, using 426 

a NanoSight NS500 detection system (Malvern, UK). Prior to analysis, the instrument 427 

was calibrated using 100 nm polystyrene microspheres (Thermo Fisher Scientific, 428 

Canada) to ensure measurement accuracy. RBC-EVs samples were automatically 429 

injected into the detection chamber at a constant flow rate via the Malvern NanoSight 430 

syringe pump system. Three consecutive 60 seconds fields of view were captured for 431 
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each sample, with the detection threshold set to 5. Data were analyzed using NTA 3.3 432 

Suite Software. 433 

2.26 Preparation of RBC-EVs@siSRGN and RBC-EVs@siCTR by 434 

Electroporation 435 

In vitro synthesized Mus-siSRGN (the sense strand: 5’-436 

CCAACAGAUGAAAGCAAUAUUTT-3’, the antisense strand: 5’-437 

AAUAUUGCUUUCAUCUGUUGGTT-3’), FAM-labeled siSRGN, and negative 438 

control siCTR were used. 45 μL aliquot of RBC-EVs at a concentration of 1011 439 

particles/mL was mixed with 5 μg of siSRGN, FAM-siSRGN, or siCTR, respectively. 440 

The mixture was transferred to a 4 mm electroporation cuvette and pulsed twice using 441 

an electroporator at 0.7 kV and 0.35 seconds. Subsequently, the samples were incubated 442 

at 37 ℃ for 2 hours to restore the intact membrane structure of the RBC-EVs. To 443 

remove unencapsulated free siRNA, the mixture was resuspended and washed with pre-444 

cooled PBS, followed by ultracentrifugation at 100,000 × g at 4 ℃ for 70 minutes. The 445 

resulting pellet was resuspended in PBS for future use. 446 

2.27 Transmission electron microscopy 447 

The ultrastructure of mitochondria and autolysosomes in cell samples and the 448 

morphology of RBC-EVs were observed using TEM according to routine procedures.  449 

SH-SY5Y cells were prefixed in pre-cooled 2.5% glutaraldehyde solution. After 450 

thorough rinsing with PBS, post-fixation was performed with 1% osmium tetroxide 451 

solution. Subsequently, the samples were dehydrated through a graded ethanol-acetone 452 

series, embedded in epoxy resin, cut into 70-nm ultrathin sections using an 453 

ultramicrotome, and double-stained with uranyl acetate and lead citrate.  454 

Purified RBC-EVs were dropped onto 200-mesh carbon-coated copper grids and 455 

allowed to adsorb at room temperature for 2 min. Excess suspension was gently blotted 456 
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with filter paper, followed by negative staining with uranyl acetate staining solution at 457 

room temperature for 5 min. After staining, the samples were washed twice with PBS 458 

and allowed to air-dry. Finally, mitochondrial morphology, mitophagosomes, 459 

autolysosomes, and the characteristic bilayer membrane structure of RBC-EVs were 460 

observed, and electron micrographs were captured using a Tecnai T10 transmission 461 

electron microscope (TEM, FEI, Hillsboro, USA) at an accelerating voltage of 100 kV. 462 

2.28 RBC-EVs internalization assay  463 

According to the manufacturer's instructions, RBC-EVs were labeled with Dir dye 464 

(UElandy, China, D4006). The labeled RBC-EVs were loaded with FAM-labeled 465 

siSRGN via electroporation and then co-incubated with HT22 cells for 24 hours. The 466 

cells were fixed with 4% paraformaldehyde for 30 minutes, and the nuclei were stained 467 

with Hoechst 33342 for 5 minutes. The internalization efficiency of RBC-EVs was 468 

evaluated using a fluorescence microscope. 469 

2.29 Intravital imaging of small animals 470 

To observe the distribution and targeting localization of RBC-EVs in mice, RBC-EVs 471 

were labeled with Dir fluorescent dye according to the manufacturer's instructions. A 472 

total of 2.1 x 109 particles/mL of labeled RBC-EVs were injected into mice via the tail 473 

vein. Fluorescence signals were captured using a small animal in vivo imaging system 474 

(BLT FluoView400, China) to record and analyze the distribution characteristics of 475 

RBC-EVs in mice. 476 

2.30 Laser speckle blood flow imaging 477 

Approximately 20-30 minutes after the insertion of the suture into the common carotid 478 

artery of the mouse, the scalp was carefully peeled back to fully expose the skull, and 479 

the head of the mouse was secured in a stereotaxic frame. A laser speckle blood flow 480 

imaging system (SIM BFI ZOOM, China) was used to monitor and record the cerebral 481 
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blood perfusion in the middle cerebral artery territory in real time, in order to evaluate 482 

the success rate of model establishment and changes in regional cerebral blood flow. 483 

2.31 TTC staining 484 

After 24 hours of cerebral ischemia-reperfusion in mice, the animals were anesthetized 485 

and their brains were harvested to evaluate brain tissue infarction using TTC staining. 486 

Briefly, the mouse brains were rapidly removed and quick-frozen at -20℃ for 10 487 

minutes. The prepared brain slices were placed in 0.2% TTC staining solution and 488 

incubated at 37℃ in the dark for 10-15 minutes. Subsequently, the slices were fixed in 489 

4% paraformaldehyde. Automated analysis of the staining results was performed using 490 

ImageJ software, which included key technical steps such as image grayscale 491 

conversion, threshold segmentation, and particle analysis. 492 

2.32 Neurological deficit assessment 493 

After 24 hours of cerebral ischemia-reperfusion in mice, neurobehavioral scores were 494 

evaluated using the Longa scale. Score 0: no neurological deficits, normal; Score 1: 495 

failure to fully extend the left forelimb, mild neurological deficit; Score 2: circling to 496 

the left while walking, moderate neurological deficit; Score 3: falling to the left side 497 

while walking, severe neurological deficit; Score 4: inability to walk spontaneously or 498 

loss of consciousness, impaired consciousness. 499 

2.33 Open field test 500 

The open field test was conducted in a quiet, evenly illuminated environment. Mice 501 

were gently placed in the center of the bottom of the open field box, and the video 502 

recording system was activated to start timing. The mice were allowed to explore freely 503 

for 15 minutes, during which behavioral parameters such as movement trajectory and 504 

distance traveled were recorded. After each mouse was tested, the inner wall and bottom 505 

surface of the open field box were thoroughly cleaned with 75% ethanol. After the 506 
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ethanol was completely evaporated, the experiment of the next mouse was carried out, 507 

in order to avoid the interference of residual odor or feces on the subsequent test results. 508 

2.34 Serum biochemical assays 509 

According to the manufacturer's instructions, the serum levels of lipoprotein (a) (LP(a)), 510 

alanine transaminase (ALT) and aspartate transaminase (AST) in mice were detected 511 

with a Beckman AU5800 automated biochemistry analyzer (Beckman Coulter, China).  512 

Specifically, we used blood collection tubes containing procoagulant and separator gel 513 

to take whole blood from experimental mice, which was left to stand for 1 hour at room 514 

temperature and then centrifuged at 3,000 rpm for 10 minutes to obtain serum. 515 

Subsequently, the triglyceride test kits (LP(a) kit-immunoturbidimetric assay, ALT kit-516 

Lactate dehydrogenase, and AST kit-enzyme acivity) were put into the analyzer. Next, 517 

approximately 200 μL of test sample was transferred to the test tank into the analyzer 518 

for automated testing. All of these procedures are similar to biochemical testing in a 519 

hospital laboratory. Reference ranges for normal approximately 20-week-old male 520 

C57BL/6 mice: LP(a) 0–50 mg/L; ALT 10-50 U/L; AST 35.7-135.7 U/L. 521 

2.35 Hematoxylin and Eosin (H&E) staining 522 

Fresh mouse brain tissues were fixed in 4% paraformaldehyde, routinely embedded in 523 

paraffin, sliced into 4 μm-thick paraffin sections, and stained in accordance with the 524 

manufacturer’s instructions. First, the sections were treated with xylene to remove the 525 

paraffin, followed by rehydration using a series of ethanol solutions of discreasing 526 

concentration (100%, 95%, 85% and 75%). The sections were stained in Hematoxylin 527 

Staining Solution (Beyotime, China, C0105S) at room temperature for 5 minutes to 528 

stain the nuclei and rinsed in tap water to counteract the blue color. Subsequently, 529 

sections were stained in Eosin Solution staining (Beyotime, China, C0105S) for 1 530 

minute. Finally, the sections were dehydrated sequentially using a gradient of ethanol 531 
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solutions (75%, 85%, 95%, 100%), cleared with xylene, mounted with neutral resin, 532 

and left in a fume cupboard overnight. Images of the sections were captured using a 533 

histology scanner (Sigma, USA). 534 

2.36 Nissl staining 535 

Paraffin sections of mouse brain tissue were deparaffinised and dehydrated. Methyl 536 

violet staining solution was applied dropwise to cover the tissue sections, and staining 537 

was carried out at room temperature for 20 minutes. Rinse gently with distilled water 538 

to remove excess stain, then rapidly decolourise using Nissl decolourising solution for 539 

5 seconds, until the background is essentially colourless and the outlines of the neurons 540 

are clearly defined. Following decolourisation, dehydrate directly with anhydrous 541 

ethanol, clear with xylene, and finally mount with neutral resin. Images were acquired 542 

using a histology scanner to observe the morphology of neurons in the brain tissue and 543 

to count the number of surviving neurons. 544 

2.37 Statistical analysis 545 

All experiments (including cell and mouse-based experiments) included biological 546 

replicates and were repeated at least three times. Statistical analyses were performed 547 

using GraphPad Prism 9.0. All data are presented as mean ± standard deviation (SD). 548 

For comparisons between two groups, an independent samples t-test was used; for 549 

comparisons involving multiple groups, one-way analysis of variance (ANOVA) was 550 

employed. All statistical tests were two-tailed; P < 0.05 was defined as significant, and 551 

95% confidence intervals were reported. 552 

3. Results 553 

3.1 SRGN is markedly upregulated following cerebral ischemia/reperfusion injury 554 
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To clarify the expression pattern and clinical implication of SRGN in CI/RI, we initially 555 

analyzed three independent public transcriptome datasets (GSE22255, GSE270958, 556 

GSE232244) retrieved from the GEO database. Bioinformatics analysis consistently 557 

revealed elevated SRGN transcription in peripheral blood samples from patients with 558 

AIS, as well as in brain tissues collected from MCAO/R mice (Figure 1A). Subsequent 559 

validation in our clinical cohort further verified significantly higher serum SRGN levels 560 

in patients diagnosed with acute cerebral infarction relative to healthy subjects (Figure 561 

1B). Furthermore, receiver operating characteristic (ROC) curve analysis yielded an 562 

area under the curve (AUC) value of 0.78, suggesting that SRGN may have potential 563 

biological value for evaluating acute cerebral infarction. In addition, we validated 564 

SRGN expression changes at both cellular and animal levels (Figure 1C-K). Consistent 565 

results from qRT-PCR, Western blot, immunofluorescence and immunohistochemistry 566 

demonstrated that SRGN mRNA and protein abundances were distinctly increased in 567 

OGD/R-stimulated HT22 (Figure 1C-E) and SH-SY5Y (Figure 1F-H) neuronal cells, 568 

as well as in ischemic brain tissues of MCAO/R mice (Figure 1I-K). Notably, the 569 

upregulation of SRGN was closely correlated with the severity of neuronal damage, 570 

supporting its potential involvement in CI/RI pathogenesis. 571 

3.2 SRGN knockdown protects neurons against OGD/R-induced damage 572 

To elucidate the biological function of SRGN during CI/RI progression, we established 573 

SRGN knockdown models in neuronal cells. Based on interference efficiency screening, 574 

siSRGN-3 was selected for transient SRGN silencing in HT22 cells (Figure 2A-B), 575 

while shSRGN-1 was used to construct stably transfected SRGN-knockdown SH-576 
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SY5Y cell lines (Figure 2G-H). Functional phenotypic assays showed that OGD/R 577 

stimulation induced severe neuronal injury, which was characterized by increased LDH 578 

release, excessive ROS accumulation, intracellular GSH depletion, and elevated 579 

expression levels of pro-inflammatory cytokines including IL-1β, IL-6, IL-18 and TGF-580 

β (Figure 2C-F, I-L). Intriguingly, genetic ablation of SRGN effectively reversed 581 

OGD/R-triggered cellular damage, redox imbalance and neuroinflammatory activation 582 

(Figure 2C-F, I-L). The consistent protective phenotypes observed in two distinct 583 

neuronal cell lines strongly suggest that SRGN acts as a vital pathogenic regulator that 584 

exacerbates neuronal injury under ischemia/reperfusion stress. 585 

3.3 SRGN aggravates CI/RI by inducing excessive pathological mitophagy 586 

To further explore the molecular mechanism by which SRGN modulates CI/RI-587 

associated neuronal dysfunction, we performed transcriptome sequencing and 588 

functional enrichment analysis in OGD/R-injured neurons (Figure 3A). GO and KEGG 589 

enrichment results indicated that SRGN-regulated differentially expressed genes were 590 

primarily enriched in biological processes related to autophagy activation, 591 

mitochondrial structural and functional maintenance, as well as oxidative 592 

phosphorylation, PI3K-Akt and MAPK signaling cascades, implying a potential 593 

regulatory effect of SRGN on mitophagy. TEM ultrastructural observation showed that 594 

OGD/R stimulation triggered evident mitochondrial swelling, structural disruption and 595 

massive mitophagosome formation (Figure 3B). SRGN overexpression further 596 

aggravated mitochondrial morphological damage and mitophagic overactivation, 597 

whereas SRGN knockdown effectively mitigated mitophagosome accumulation and 598 
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preserved mitochondrial structural integrity (Figure 3B). Collectively, these TEM 599 

findings visually confirmed, at the ultrastructural morphological level, that SRGN 600 

accelerates excessive mitophagy under OGD/R conditions. 601 

Subsequent functional validation corroborated these morphological changes. SRGN 602 

overexpression led to a significant decrease in red-green ratio and MMP, accompanied 603 

by aggravated GSH consumption and enhanced oxidative stress (Figure 3C-D). 604 

Mitochondrial co-localization analysis with LC3B and LysoTracker demonstrated that 605 

SRGN overexpression facilitated abnormal recruitment of mitochondria to 606 

autophagosomes and lysosomes, ultimately resulting in mitochondrial loss and 607 

dysfunction (Figure 3E). Western blot results revealed that both OGD/R injury and 608 

SRGN overexpression reduced P62 and TOM20 protein expression while increasing 609 

the LC3B-II/LC3B-I ratio, which are representative molecular features of excessive 610 

pathological mitophagy (Figure 3F). Conversely, SRGN deficiency restored MMP 611 

levels, ameliorated OGD/R-induced damage (Figure 4A-C). This was accompanied by 612 

reduced colocalization of mitochondria with autophagosomes and lysosomes, increased 613 

mitochondrial fluorescence intensity, and normalized aberrant expression of 614 

mitophagy-related proteins (Figure 4B-C). In summary, OGD/R injury can induce 615 

excessive mitophagy in neurons, and SRGN overexpression similarly promotes 616 

excessive activation of mitophagy, whereas SRGN knockdown alleviates OGD/R-617 

induced cell injury by inhibiting excessive mitophagy. The above positive and negative 618 

experiments fully confirmed that SRGN acts as a key regulator of CI/R I by mediating 619 

excessive mitophagy. 620 
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3.4 SRGN impairs neuronal antioxidant defense via post-transcriptional 621 

downregulation of SLC7A11 622 

SLC7A11 serves as a core antioxidant protein that sustains cellular redox homeostasis 623 

and mitochondrial function [34, 36, 37]. To identify the downstream effector mediating 624 

SRGN-induced mitophagy and neuronal injury, we focused on SLC7A11 for 625 

mechanistic verification. Protein interaction prediction, Co-IP assays and 626 

immunofluorescence co-localization analysis confirmed a direct physical interaction 627 

and intracellular co-localization between SRGN and SLC7A11 in neurons (Figure 5A-628 

C). Transcriptional detection showed that OGD/R stress significantly upregulated 629 

SRGN mRNA expression while suppressing SLC7A11 transcription (Figure 5D). 630 

Further protein expression analysis revealed that SRGN overexpression reduced 631 

SLC7A11 protein abundance in a dose-dependent manner, without altering its 632 

transcriptional level (Figure 5D-F). In contrast, SRGN knockdown efficiently restored 633 

SLC7A11 protein expression suppressed by OGD/R injury, while its mRNA underwent 634 

only a slight change (Figure 5D-F). These observations indicate that SRGN negatively 635 

modulates SLC7A11 expression mainly at the post-transcriptional level. 636 

To clarify the precise post-transcriptional regulatory mechanism, we conducted 637 

pharmacological intervention and protein stability assays. Treatment with the 638 

proteasome inhibitor MG132 substantially rescued SRGN-induced SLC7A11 protein 639 

degradation, whereas the lysosomal autophagy inhibitor CQ exhibited no obvious 640 

rescue effect (Figure 5G, Figure S1A). Furthermore, CHX chase assays verified that 641 

SRGN overexpression significantly shortened the half-life of SLC7A11 protein and 642 
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accelerated its intracellular degradation (Figure 5H, Figure S1B). Taken together, these 643 

results confirm that SRGN facilitates SLC7A11 protein turnover primarily through the 644 

ubiquitin–proteasome pathway, thereby disabling SLC7A11-mediated antioxidant 645 

defense and exacerbating neuronal oxidative damage under CI/RI conditions. 646 

3.5 SLC7A11 inhibition abolishes the neuroprotective effects of SRGN knockdown 647 

To validate whether SLC7A11 is the essential downstream mediator responsible for 648 

SRGN-regulated mitophagy and neuronal injury, we performed rescue experiments 649 

using HG106, a specific pharmacological inhibitor of SLC7A11. HG106 treatment 650 

effectively downregulated SLC7A11 protein expression without affecting SRGN 651 

transcription or protein abundance, ruling out potential off-target interference with 652 

upstream SRGN expression (Figure 6A-B). Functional phenotypic detection showed 653 

that HG106 administration completely abrogated the neuroprotective effects induced 654 

by SRGN knockdown. Specifically, SRGN-deficient neurons exhibited re-elevated 655 

LDH release, excessive ROS accumulation, reduced GSH content, and restored pro-656 

inflammatory cytokine expression after HG106 intervention (Figure 6C-F). 657 

Further detection of mitochondrial function and mitophagy biomarkers demonstrated 658 

that HG106 reversed the MMP restoration mediated by SRGN knockdown, and restored 659 

the abnormal co-localization of mitochondria with autophagosomes and lysosomes 660 

(Figure 6G-H). Consistent with immunofluorescence results, Western blot analysis 661 

confirmed that HG106 treatment counteracted the upregulation of P62 and TOM20, as 662 

well as the reduced LC3B-II/LC3B-I ratio induced by SRGN silencing, thereby 663 

reactivating pathological excessive mitophagy (Figure 6I). Collectively, 664 
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pharmacological blockade of SLC7A11 completely abolished the neuroprotective 665 

effect produced by SRGN knockdown, confirming that SRGN induces excessive 666 

mitophagy by suppressing SLC7A11 signaling, thereby exacerbating neuronal injury 667 

during the CI/RI process. 668 

3.6 RBC-EVs@siSRGN exerts neuroprotective effects against OGD/R injury in 669 

vitro 670 

Given the pathogenic role of SRGN in CI/RI, we further developed a targeted 671 

nanotherapeutic strategy by constructing RBC-derived extracellular vesicle-loaded 672 

siSRGN (RBC-EVs@siSRGN), and evaluated its protective efficacy and molecular 673 

mechanism in vitro. NTA showed that high-purity RBC-EVs with uniform particle size 674 

were successfully isolated from type O-negative RBCs, with the resulting vesicle 675 

particle size concentrated around 160 nm and a particle concentration of 2.9×1013 676 

particles/mL (Figure 7A). These vesicles positively expressed canonical EV markers 677 

(ALIX, TSG101, CD63) and erythrocyte-specific marker HBA1, while barely 678 

expressing the endoplasmic reticulum contamination marker Calnexin, confirming high 679 

purity and qualified vesicle properties (Figure 7B). The typical cup-shaped or spherical 680 

bilayer membrane structure of RBC-EVs was observed by TEM (Figure 7C). The above 681 

results demonstrate that RBC-EVs of high purity were successfully isolated, providing 682 

a foundation for their application as siRNA carriers. Subsequently, siSRGN was loaded 683 

into RBC-EVs by electroporation to construct RBC-EVs@siSRGN, with RBC-684 

EVs@siCTR simultaneously established as the negative control (Figure 7D). The FAM 685 

fluorescence-labeled siRNA uptake assay confirmed that the prepared RBC-686 
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EVs@siSRGN exhibited stable structural integrity and high internalization efficiency 687 

in neuronal cells (Figure 7E). NTA quantification and TEM structural observation 688 

showed that the particle concentrations of RBC-EVs@siCTR and RBC-EVs@siSRGN 689 

were 2.1×1011 particles/mL and 1.8×1011 particles/mL, respectively, indicating that the 690 

electroporation procedure did not significantly reduce vesicle yield (Figure S2A-B). 691 

Collectively, these results suggest that the RBC-EVs@siSRGN we constructed has 692 

potential as an engineered exosome-based drug carrier. 693 

In vitro functional experiments confirmed that RBC-EVs@siSRGN exerted a dose-694 

dependent inhibitory effect on SRGN mRNA and protein expression in OGD/R-injured 695 

neurons (Figure 7F-H). Consistent with genetic knockdown results, RBC-696 

EVs@siSRGN-mediated SRGN silencing effectively restored SLC7A11 protein levels 697 

and restrained pathological excessive mitophagy (Figure 7G). Further phenotypic 698 

assays demonstrated that RBC-EVs@siSRGN treatment markedly reduced LDH 699 

release and ROS accumulation, rescued intracellular GSH depletion, and suppressed 700 

the expression of pro-inflammatory cytokines (Figure 7I-L). In summary, the 701 

engineered RBC-EVs@siSRGN nanocarriers efficiently alleviate OGD/R-induced 702 

oxidative stress, neuroinflammation and aberrant mitophagy, thereby exerting 703 

prominent neuroprotective effects in cultured neurons. 704 

3.7 RBC-EVs@siSRGN ameliorates cerebral ischemia/reperfusion injury in vivo 705 

We further established the mouse MCAO/R model to verify the in vivo neuroprotective 706 

efficacy of RBC-EVs@siSRGN. Insertion of the MCAO filament effectively induced 707 

focal cerebral ischemia in the mouse cerebral hemisphere; withdrawal of the filament 708 
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achieved reperfusion, but blood flow in the ischemic region could not be fully restored 709 

within a short period. Compared with the sham operation group, these findings visually 710 

demonstrate the hemodynamic characteristics of the ischemia-reperfusion injury model 711 

(Figure 8A). Intravital fluorescence imaging results showed that after tail vein injection 712 

of Dir fluorescence-labeled RBC-EVs, the vesicles were specifically enriched in the 713 

cerebral ischemic injury region of mice, indicating excellent lesion-targeting capability 714 

(Figure 8B). Therapeutic outcome assessment showed that RBC-EVs@siSRGN 715 

treatment significantly reduced cerebral infarct volume, rescued impaired spontaneous 716 

locomotor activity, and improved neurological deficit scores in MCAO/R mice (Figure 717 

8C-E, Figure S3A). Detection of the serum injury markers LP, ALT, and AST indicated 718 

that RBC-EVs@siSRGN could alleviate tissue damage (Figure 8F). Histopathological 719 

examination further revealed that RBC-EVs@siSRGN administration reduced 720 

neuronal necrosis and cytoplasmic vacuolization, and prevented Nissl body loss in 721 

ischemic brain regions (Figure 8G, Figure S3B). 722 

Consistent with in vitro findings, in vivo mechanistic detection demonstrated that RBC-723 

EVs@siSRGN effectively silenced SRGN expression in ischemic brain tissues, thereby 724 

restoring SLC7A11 protein abundance (Figure 8G-H, L). Functional index assays 725 

revealed that RBC-EVS@SISRGN reduced serum LDH, increased brain tissue GSH 726 

content, and alleviated oxidative stress injury (Figure 8I-J). Transcriptional detection of 727 

inflammatory factors in brain tissue demonstrated that RBC-EVs@siSRGN 728 

downregulated the expression of pro-inflammatory factors (Figure 8K). Moreover, 729 

RBC-EVs@siSRGN treatment corrected the abnormal expression of mitophagy-related 730 
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proteins and suppressed pathological excessive mitophagy in ischemic brain tissues 731 

(Figure 8L). In conclusion, RBC-EVs@siSRGN exerts robust neuroprotective effects 732 

against CI/RI in mice. The underlying mechanism is dependent on targeted SRGN 733 

silencing, which activates SLC7A11-mediated antioxidant signaling and inhibits 734 

oxidative stress, neuroinflammation and aberrant mitophagy, ultimately promoting 735 

neurological functional recovery after ischemic stroke. 736 

4. Discussion 737 

Growing evidence has revealed that CI/RI pathogenesis is multifactorial, driven by the 738 

crosstalk among oxidative stress, dysregulated mitophagy, neuroinflammation and 739 

ferroptosis, rather than relying on any single pathological pathway [5]. Among these 740 

detrimental events, disrupted mitochondrial homeostasis and impaired endogenous 741 

antioxidant defenses act as key upstream triggers that initiate and continuously amplify 742 

neuronal reperfusion damage [4, 38-41]. Our clinical data showed significantly elevated 743 

serum SRGN levels in patients diagnosed with acute cerebral infarction, implying that 744 

circulating SRGN has potential as a non-invasive peripheral biomarker for evaluating 745 

CI/RI severity. Previous studies have shown that SRGN, as a secreted glycoprotein, can 746 

participate in the pathological development of various diseases by regulating processes 747 

such as inflammatory response and apoptosis [22, 23]. However, its expression features 748 

and biological roles in CI/RI remain largely uncharacterized. Through integrated 749 

analysis of clinical specimens, cellular phenotypes and animal phenotypic validation, 750 

our study confirmed aberrant SRGN upregulation in the CI/RI pathological context and 751 

verified its close correlation with ischemic brain injury, providing solid clinical ground 752 
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for subsequent functional validation and mechanistic exploration. 753 

Mitophagy serves as a core mitochondrial quality-control mechanism that sustains 754 

neuronal energy metabolism and cellular homeostasis, exerting dual protective and 755 

detrimental roles during cerebral ischemic injury. Under physiological conditions, 756 

moderate mitophagy selectively eliminates damaged mitochondria and maintains 757 

neuronal survival [42-44]. In the reperfusion stage, nevertheless, burst oxidative stress 758 

excessively activates mitophagic flux, leading to non-specific degradation of functional 759 

mitochondria, energy metabolic collapse and subsequent neuronal apoptosis, which 760 

further exacerbates brain tissue damage [4, 41]. Consistent with recent reports that 761 

excessive mitophagy aggravates ischemic injury via crosstalk with oxidative stress and 762 

ferroptosis [45], our ultrastructural observation, MMP detection, immunofluorescence 763 

co-localization and immunoblotting data demonstrated that SRGN overexpression 764 

compromised mitochondrial integrity, reduced membrane potential, and promoted 765 

abnormal association between mitochondria, autophagosomes and lysosomes. At the 766 

molecular level, SRGN overexpression increased the LC3B-II/LC3B-I ratio while 767 

decreasing P62 and TOM20 protein levels, which are typical molecular signatures of 768 

pathological mitophagy. In contrast, SRGN knockdown efficiently restrained 769 

overactivated mitophagy and restored mitochondrial homeostasis. These results suggest 770 

that SRGN may aggravate the injury of CI/RI neurons by regulating the excessive 771 

occurrence of mitophagy and disrupting mitophagy homeostasis, which may be one of 772 

the important ways for SRGN to aggravate the injury of CI/RI neurons, this also further 773 

enriches the molecular network of mitophagy regulation in CI/RI and provides a new 774 
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perspective for elucidating the pathophysiological mechanisms of CI/RI. 775 

As a cystine/glutamate transporter, SLC7A11 can maintain cellular oxidative stress 776 

homeostasis by regulating intracellular GSH synthesis and inhibiting excessive ROS 777 

accumulation, and can also participate in the process of mitophagy by regulating 778 

mitochondrial function [34, 36]. Here, molecular docking, Co-IP and 779 

immunofluorescence co-localization assays consistently verified direct physical 780 

interaction and intracellular co-localization between SRGN and SLC7A11 in neurons. 781 

Mechanistically, SRGN did not regulate SLC7A11 transcription, but facilitated 782 

SLC7A11 protein ubiquitination and degradation through the ubiquitin–proteasome 783 

pathway, thereby reducing SLC7A11 protein stability at the post-transcriptional level. 784 

To verify whether SRGN affects the CI/RI process by regulating SLC7A11, this study 785 

introduced HG106, a specific inhibitor of SLC7A11, into the OGD/R-induced neuronal 786 

injury model. The results showed that HG106 intervention significantly reversed the 787 

protective effect of SRGN knockdown on neurons, increasing ROS accumulation, 788 

reducing GSH levels, promoting pathological excessive mitophagy, and aggravating 789 

neuronal injury. These results further confirmed that SRGN, through negative 790 

regulation of SLC7A11 expression, inhibits intracellular GSH synthesis and promotes 791 

ROS accumulation, thereby inducing excessive mitophagy and ultimately aggravating 792 

CI/RI-induced neuronal injury. These findings demonstrate that the SRGN–SLC7A11 793 

signaling axis dominates oxidative stress imbalance and pathological mitophagy during 794 

CI/RI progression. 795 

Although the injury-promoting role and regulatory mechanism of SRGN in CI/RI have 796 
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been clarified, how to achieve precise targeted inhibition of SRGN while avoiding the 797 

toxic side effects caused by systemic intervention remains a key challenge for its 798 

clinical translation. RBC-EVs, as a novel drug delivery vehicle, possess notable 799 

advantages such as good biocompatibility, low immunogenicity, and efficient BBB 800 

penetration [46-49]. As a vesicular system, they have been widely applied in research 801 

on targeted therapy for central nervous system diseases [50, 51]. In this study, RBC-802 

EVs were isolated and extracted from type O-negative blood, and siSRGN was loaded 803 

into RBC-EVs via electroporation, successfully constructing the RBC-EVs@siSRGN 804 

delivery system [52]. In vitro neuronal experiments confirmed that RBC-805 

EVs@siSRGN could be efficiently internalized by neurons to specifically silence 806 

pathological SRGN overexpression. By restoring SLC7A11 protein function, this 807 

targeted treatment relieved neuronal oxidative damage, suppressed neuroinflammatory 808 

responses and corrected aberrant mitophagy, ultimately reducing ischemic lesion 809 

volume and improving neurological function in model animals. Compared with 810 

conventional delivery vectors, this RBC-EV-based nanoplatform effectively avoids off-811 

target effects and systemic side effects, achieving precise CI/RI intervention with 812 

promising clinical translational prospects. 813 

Several limitations still exist in the present study. First, the clinical cohort enrolled in 814 

this work is relatively small. Future large-scale and multicenter clinical investigations 815 

are required to further validate the diagnostic value of SRGN for CI/RI, and to clarify 816 

the correlation between SRGN expression levels and patient long-term prognosis. 817 

Second, our current study mainly focuses on the regulatory effects of SRGN on 818 
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mitophagy and oxidative stress. Whether the SRGN–SLC7A11 axis modulates 819 

neuronal ferroptosis remains undefined. In addition, the precise binding domains and 820 

interactive sites between SRGN and SLC7A11, as well as other unexploited 821 

downstream signaling pathways, require further in-depth exploration. Third, the long-822 

term in vivo metabolic characteristics, biological stability and safety of repeated RBC-823 

EVs@siSRGN administration have not been fully evaluated, which warrants systematic 824 

preclinical safety assessment in future studies. 825 

In summary, pathological SRGN upregulation during CI/RI accelerates SLC7A11 826 

protein degradation via the ubiquitin–proteasome pathway, depletes intracellular 827 

antioxidant reserves, triggers excessive ROS accumulation and induces uncontrolled 828 

pathological mitophagy, thereby ultimately promoting neuronal apoptosis and cerebral 829 

infarction. In contrast, targeted SRGN silencing stabilizes endogenous SLC7A11 830 

expression, remodels mitochondrial homeostasis, and inhibits oxidative stress as well 831 

as neuroinflammation, which efficiently alleviates CI/RI-induced brain injury. The 832 

present study firstly identifies the crucial regulatory role of the SRGN–SLC7A11 axis 833 

in ischemic brain injury. These findings provide a novel non-invasive biomarker and 834 

targeted therapeutic candidate for CI/RI, enrich the pathological regulatory network of 835 

ischemic stroke, and offer valuable experimental evidence to support the development 836 

of precise therapeutic strategies for stroke treatment. 837 

5. Conclusion 838 

In this study, we first confirmed, based on clinical samples, that serum SRGN 839 

expression levels were significantly increased in patients with acute cerebral infarction, 840 
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suggesting that serum SRGN may serve as a potential diagnostic biomarker for CI/RI. 841 

The results of in vitro and in vivo experiments showed that SRGN was abnormally 842 

upregulated in an OGD/R-induced neuronal injury model and in an MCAO/R mouse 843 

model of CI/RI, which could exacerbate neuronal oxidative stress dysregulation and 844 

cellular damage. Mechanistic investigations further revealed that SRGN directly 845 

interacts with SLC7A11, promoting its degradation via the proteasomal pathway. The 846 

loss of SLC7A11 induced substantial ROS accumulation and pathological excessive 847 

mitophagy, ultimately aggravating neuronal injury and driving the progression of CI/RI. 848 

In addition, we constructed a delivery system based on RBC-EVs, loading siSRGN 849 

onto RBC-EVs for targeted intervention. The results confirmed that RBC-EVs could 850 

effectively deliver siSRGN to ischemic brain tissue, inhibit SRGN expression, reduce 851 

the inflammatory response, restore mitophagy homeostasis, and alleviate CI/RI. 852 

Overall, serum SRGN may hold promise for application in the diagnosis and prognostic 853 

evaluation of CI/RI, whereas the RBC-EVs@siSRGN-mediated strategy for targeted 854 

SRGN inhibition could effectively attenuate ischemia-reperfusion-induced neuronal 855 

injury, providing a new experimental basis and technical direction for the targeted 856 

treatment of ischemic stroke. 857 
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Graphical Abstract. SRGN‑driven SLC7A11 depletion triggers excessive 1092 

mitophagy‑dependent neuronal death in cerebral ischemia/reperfusion injury and 1093 

therapeutic intervention via RBC‑EVs‑delivered siSRGN 1094 

Cerebral ischemia-reperfusion-induced upregulation of SRGN expression accelerates 1095 

the proteasomal degradation of SLC7A11, causing GSH exhaustion, ROS accumulation, 1096 

pathological mitophagy and inflammatory activation, which contribute to neuronal 1097 

damage. RBC‑EVs‑encapsulated siSRGN penetrates the blood‑brain barrier to suppress 1098 

SRGN expression and alleviate the aforementioned pathological cascade. 1099 

 1100 

 1101 
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 1102 

Figure 1. SRGN expression is upregulated in cerebral ischemia/reperfusion injury 1103 

A. Analysis of SRGN gene expression levels in 3 datasets (GSE22255, GSE270958, 1104 

GSE232244) from the GEO database. B. Enzyme-linked immunosorbent assay (ELISA) 1105 

results and receiver operating characteristic (ROC) curve analysis of serum SRGN 1106 

protein in healthy controls and patients with CI/RI (n=20). C-E. qPCR (n=8), Western 1107 

blot (n=3), and immunofluorescence (scale bar: 20 μm) results of SRGN expression in 1108 

normal, moderate, and severe OGD/R-injured HT22 cell models. F-H. qPCR (n=8), 1109 

Western blot (n=3), and immunofluorescence (scale bar: 20 μm) results of SRGN 1110 
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expression in normal, moderate, and severe OGD/R-injured SH-SY5Y cell models. I-1111 

K. qPCR (n=6), Western blot (n=3), and immunohistochemical (scale bar: 50 μm) 1112 

results of SRGN expression in Sham and MCAO/R mice models. * P < 0.05; ** P < 1113 

0.01; *** P < 0.001. 1114 

 1115 

 1116 

 1117 

Figure 2. Knockdown of SRGN effectively alleviates OGD/R-induced neuronal 1118 
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injuries 1119 

A-B. SRGN mRNA and protein expression levels detected by qPCR (n=8) and Western 1120 

blot (n=3) after transfection with siCTR and different siSRGN sequences. C. HT22 cell 1121 

injury degree in each group detected by LDH release assay (n=3). D. Intracellular ROS 1122 

levels in HT22 cells across groups detected by ROS fluorescence staining (scale bar: 1123 

50 μm). E. Oxidative stress status of HT22 cells in each group evaluated by GSH 1124 

content detection (n=4). F. mRNA expression levels of inflammatory factors IL 1β, IL 1125 

6, IL 18 and TGF β in HT22 cells detected by qPCR (n=8). G-H. SRGN mRNA and 1126 

protein expression levels detected by qPCR (n=8) and Western blot (n=3) after 1127 

transfection with shCTR and different shSRGN constructs. I. SH-SY5Y cell injury in 1128 

each group detected by LDH release assay (n=3). J. Intracellular ROS levels in SH-1129 

SY5Y cells across groups detected by ROS fluorescence staining (scale bar: 50 μm). K. 1130 

Oxidative stress status of SH-SY5Y cells in each group evaluated by GSH content 1131 

detection (n=4). L. mRNA expression levels of inflammatory factors IL 1β, IL 6, IL 18 1132 

and TGFβ in SH-SY5Y cells detected by qPCR (n=8). * P < 0.05; ** P < 0.01; *** P 1133 

< 0.001. 1134 

 1135 

 1136 
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 1137 

Figure 3. SRGN drives excessive mitophagy in neurons after OGD-R injury 1138 

A. GO enrichment bar chart showing enriched terms of differentially expressed genes 1139 

(DEGs) in biological process (BP, blue), cellular component (CC, green), and molecular 1140 

function (MF, orange), with the horizontal axis representing −log10 (Q.value); higher 1141 

values indicate more significant enrichment. In the KEGG enrichment bubble chart, the 1142 

horizontal axis represents the Rich Factor, the dot size represents the number of DEGs, 1143 

and the color reflects enrichment significance. B. Transmission electron microscopy 1144 

(TEM) observation of mitophagosomes in SH-SY5Y cells of each group (red arrows 1145 
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indicate mitophagosomes; scale bars: 2 μm for the upper panel, 500 nm for the 1146 

magnified panel). C. MMP of SH-SY5Y cells in each group was detected by JC-1 1147 

staining (scale bar: 20 μm). D. Statistical results of the relative GSH content in SH-1148 

SY5Y cells of each group (n = 4). E. Immunofluorescence colocalization of Mito-1149 

Tracker with LC3B and Lyso-Tracker was used to observe the binding of mitochondria 1150 

with autophagosomes and lysosomes (scale bar: 20 μm). F. Western blot detection of 1151 

the expression levels of P62, TOM20, LC3B, and SRGN proteins and their statistical 1152 

quantitative analysis results (n = 3). * P < 0.05; ** P < 0.01; *** P < 0.001. 1153 

 1154 

 1155 

 1156 

Figure 4. SRGN knockdown attenuates OGD/R-induced excessive mitophagy 1157 

A. In SH-SY5Y cells, following SRGN knockdown, MMP of SH-SY5Y cells in each 1158 

group was detected by JC-1 staining (scale bar: 20 μm). B. Immunofluorescence 1159 

colocalization of Mito-Tracker with LC3B and Lyso-Tracker was used to observe the 1160 

binding of mitochondria with autophagosomes and lysosomes (scale bar: 20 μm). C. 1161 

Western blot detection of the expression levels of P62, TOM20, LC3B, and SRGN 1162 
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proteins and their statistical quantitative analysis results (n = 3). * P < 0.05; ** P < 0.01. 1163 

 1164 

 1165 

 1166 

Figure 5. SRGN interacts with SLC7A11 at the protein level and negatively 1167 

regulates SLC7A11 stability through the proteasome pathway 1168 

A. Protein–protein docking simulation predicts the binding interface and key amino 1169 

acid residues between SRGN and SLC7A11. B. Co-IP assay verifies the endogenous 1170 

protein interaction between SRGN and SLC7A11 in SH-SY5Y cells. C. 1171 

Immunofluorescence staining shows the colocalization of SRGN (red) and SLC7A11 1172 
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(green) in neurons (scale bar: 20 μm). D. qRT-PCR detection of SRGN and SLC7A11 1173 

mRNA expression levels after SRGN overexpression or knockdown (n=6). E. Western 1174 

blot detection and quantitative analysis of the effect of SRGN overexpression or 1175 

knockdown on SLC7A11 protein expression (n=3). F. After SRGN overexpression or 1176 

knockdown, the expression and localization of SRGN and SLC7A11 proteins within 1177 

cells were observed by immunofluorescence staining (scale bar: 20 μm). G. Western 1178 

blot detection of SLC7A11 protein expression in SH-SY5Y cells with/without SRGN 1179 

overexpression treated with the proteasome inhibitor MG132 (10 μM), the lysosome 1180 

inhibitor CQ (50 μM), or DMSO, respectively (n=3). H. CHX (20 μM) chase assay 1181 

measures SLC7A11 protein degradation with/without SRGN overexpression (n=3). * 1182 

P < 0.05; ** P < 0.01; *** P < 0.001. 1183 

 1184 

 1185 
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 1186 

Figure 6. HG106 treatment reverses the neuroprotective effect produced by SRGN 1187 

knockdown 1188 

A. qRT-PCR detection of the relative mRNA expression levels of SRGN and SLC7A11 1189 

in SH-SY5Y cells of each group (n = 8). B. Western blot detection and quantitative 1190 

statistics of the protein expression levels of SRGN and SLC7A11 in cells of each group 1191 

(n = 3). C. LDH release quantification to detect the degree of cell damage in each group 1192 

(n = 3). D. Intracellular ROS levels detected by ROS fluorescence staining (scale bar: 1193 
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20 μm). E. GSH content detection to assess the oxidative stress status of cells (n = 4). 1194 

F. qPCR detection of the expression levels of inflammatory factors IL 1β, IL 6, IL 18, 1195 

and TGFβ in cells of each group (n = 8). G. JC-1 staining to assess MMP (scale bar: 20 1196 

μm). H. Immunofluorescence colocalization of Mito-Tracker with LC3B and Lyso-1197 

Tracker to observe the binding of mitochondria with autophagosomes and lysosomes 1198 

(scale bar: 20 μm). I. Western blot detection and quantitative statistics of the protein 1199 

expression levels of P62, TOM20, and LC3B in cells of each group (n = 3). * P < 0.05; 1200 

** P < 0.01; *** P < 0.001. 1201 

 1202 

 1203 
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 1204 

Figure 7. RBC-EVs@siSRGN alleviates OGD/R-induced HT22 neuronal injury in 1205 

vitro 1206 

A. NTA detecting the particle size distribution and particle concentration of RBC-EVs. 1207 

B. Western blot detecting the extracellular vesicle markers ALIX, TSG101, and CD63, 1208 

the RBC marker HBA1, and the negative endoplasmic reticulum marker Calnexin. C. 1209 

TEM images of RBC-EVs (scale bar: 100 nm). D. Schematic diagram of the 1210 

construction of RBC-EVs@siSRGN, cellular delivery, and subsequent in vitro and in 1211 

vivo experimental procedures. E. FAM fluorescent-labeled siRNA uptake assay 1212 

verifying the internalization and uptake of RBC-EVs by HT22 cells (scale bar: 20 μm). 1213 
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F. qRT-PCR detecting SRGN mRNA levels after treatment with gradient concentrations 1214 

of RBC-EVs@siSRGN (n=6). G. Western blot and quantitative analysis of the protein 1215 

levels of SRGN, SLC7A11, P62, TOM20, and LC3B (n=3). H. Immunofluorescence 1216 

staining verifying the SRGN silencing efficiency of RBC-EVs@siSRGN (scale bar: 20 1217 

μm). I-K. LDH release (n=3), ROS (scale bar: 50 μm), GSH (n=4), and mRNA 1218 

expression of the pro-inflammatory and anti-inflammatory factors IL 1β, IL 6, IL 18, 1219 

and TGFβ (n=6) in OGD/R-injured HT22 cells treated with RBC-EVs@siSRGN. * P 1220 

< 0.05; ** P < 0.01; *** P < 0.001. 1221 

 1222 

 1223 
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 1224 

Figure 8. RBC-EVs@siSRGN ameliorates MCAO/R-induced CI/RI in mice in 1225 

vivo 1226 

A. Laser speckle cerebral blood flow imaging to record the representative images of 1227 

cerebral blood flow distribution in Sham and MCAO/R model mice at two time points: 1228 

30 minutes after filament insertion (ischemic phase) and 20 minutes after filament 1229 

withdrawal and reperfusion (reperfusion phase). Colors represent blood flow levels, 1230 

with red/yellow indicating high perfusion and blue indicating low perfusion. B. 1231 

Intravital fluorescence imaging verifying the distribution and localization of Dir-1232 
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labeled RBC-EVs in mice. C. TTC staining detecting cerebral infarct volume in each 1233 

group of mice at 24 hours after MCAO/R. D. Representative open-field trajectories of 1234 

mice on day 7 after MCAO/R. E. Neurological deficit assessment of mice 24 hours after 1235 

MCAO/R (n = 10). F. Quantitative detection of serum injury markers LP, ALT, and AST 1236 

(n = 6). G. Nissl staining of the striatum region of mouse brain tissue for observation 1237 

of neuronal injury (scale bar: 50 μm) and immunohistochemistry for observation of 1238 

SRGN expression (scale bar: 50 μm). H. qRT-PCR (n = 6) verifying the silencing 1239 

efficiency of SRGN in brain tissue. I. Quantitative detection of serum LDH activity to 1240 

evaluate neuronal injury (n = 6). J. Detection of relative GSH content in brain tissue to 1241 

reflect the level of oxidative stress (n = 6). K. qRT-PCR detecting mRNA expression of 1242 

inflammatory factors IL 1β, IL 6, IL 18, and TGFβ in brain tissue (n = 6). L. Western 1243 

blot and quantitative analysis of SRGN, SLC7A11, P62, TOM20, and LC3B expression 1244 

in brain tissue (n = 3). * P < 0.05; ** P < 0.01; *** P < 0.001. @siCTR: 1245 

MCAO/R+RBC-EVs@siCTR; @siSRGN: MCAO/R+RBC-EVs@siSRGN. 1246 

 1247 

 1248 

 1249 

Figure S1. SRGN promotes SLC7A11 protein degradation through the 1250 

proteasome pathway 1251 

A. Quantification of SLC7A11 protein expression in SH-SY5Y cells with/without 1252 

SRGN overexpression treated with the proteasome inhibitor MG132 (10 μM), the 1253 

lysosome inhibitor CQ (50 μM), or DMSO (n=3). B. Quantification of SLC7A11 1254 

protein degradation with/without SRGN overexpression tracked by CHX (20 μM) 1255 

chase assay (n=3). * P < 0.05. 1256 
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 1257 

 1258 

 1259 

Figure S2. Validation of RBC-EVs@siCTR and RBC-EVs@siSRGN 1260 

A. NTA of the particle size distribution and particle concentration of RBC-EVs@siCTR 1261 

and RBC-EVs@siSRGN. B. TEM observation of the vesicle morphology of RBC-1262 

EVs@siCTR and RBC-EVs@siSRGN (scale bar: 100 nm). 1263 

 1264 

 1265 

 1266 

Figure S3. Inhibition of SRGN ameliorates neurobehavioral deficits and brain 1267 

tissue pathology in MCAO/R mice 1268 

A. Statistical analysis of total distance of movement in the open field test in mice on 1269 

day 7 after MCAO/R (n = 6). B. H&E staining of the striatal region of mouse brain 1270 

tissue to observe brain tissue pathological injury (scale bar: 50 μm). * P < 0.05. 1271 

@siCTR: MCAO/R+RBC-EVs@siCTR; @siSRGN: MCAO/R+RBC-EVs@siSRGN. 1272 
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