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Background: Ischemic stroke (IS), the leading stroke subtype (∼87%), arises from vascular occlusions, triggering brain necrosis through ischemia-reperfusion injury. Ferroptosis, an iron-driven cell death via Fe2+-mediated lipid peroxidation, is implicated in IS pathology. This study demonstrates that enoyl-coA hydrolase 1 (ECH1) may serve as a peripheral biomarker and therapeutic target for IS based on ferroptosis signaling.

Methods: We integrated transcriptome data from the GEO database with preprocessing and normalization. Hub genes were screened using differential expression analysis and machine learning algorithms. Subsequently, genes were further filtered by mendelian randomization and also validated using transient middle cerebral artery occlusion (tMCAO) model.

Results: Ferroptosis-related genes in the IS group showed higher expression compared with the healthy control group. Using differential expression analysis and machine learning algorithms, 12 potential hub genes were successfully screened. Mendelian randomization analysis further confirmed the causal association between ECH1 and stroke. In the tMCAO mouse model, ECH1 mRNA levels were down-regulated, consistent with the results of the clinical samples.

Conclusion: In this study, taking ferroptosis as an entry point, ECH1 may serve as a potential peripheral blood biomarker and therapeutic target for IS through multidimensional validation, providing a basis for the development of relevant precision diagnostic strategies.
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1 Introduction

Ischemic stroke (IS), accounting for approximately 87% of all strokes, is mainly caused by atherothrombotic occlusion (e.g., carotid artery plaques) or cardioembolic occlusion (e.g., atrial fibrillation thrombi) (Martin et al., 2025). These thrombi can break off and block arteries, leading to insufficient blood supply and subsequent brain tissue necrosis. Emerging evidence highlights a close relationship between ferroptosis and stroke damage, with ferroptosis playing a pivotal role in the pathophysiology of IS (Gowtham et al., 2024; Liu et al., 2024; Tuo and Lei, 2024). Ferroptosis, a novel form of iron-metabolism-related cell death first proposed by Brent Stockwell in 2012, is characterized by the reaction of Fe2+ with hydrogen peroxide to generate Fe3 +, triggering lipid peroxidation and ultimately causing cell death (Dixon et al., 2012). In the context of IS, ischemia-reperfusion injury can elevate intracellular iron levels, activating ferroptosis pathways and exacerbating neuronal damage. Markers of ferroptosis, such as decreased expression of glutathione peroxidase 4 (GPX4) and the accumulation of lipid peroxides, serve as critical indicators of the severity of brain damage (Chai et al., 2024; Hu et al., 2024; Zhang et al., 2021). Previous studies have demonstrated that iron chelators and ferroptosis inhibitors (e.g., ferrostatin-1 and liproxstatin-1) can reduce brain damage and improve neurological function in animal models (Wang et al., 2023).

Given the current research landscape, the mechanisms and clinical applications of ferroptosis in IS warrant further exploration. Peripheral blood ferroptosis markers correlate with stroke severity, infarct volume, and neurological deficit scores, holding promise as diagnostic and prognostic biomarkers (Fan et al., 2025; Liu C. P. et al., 2025; Lu et al., 2020; Yeh et al., 2023; Zhang et al., 2022). Moreover, the relationship between ferroptosis and immune cells is gradually being uncovered, with peripheral blood immune cell changes following IS potentially reflecting immune mechanisms in the brain injury region (He et al., 2024).

In this study, building on the work of Zhang et al. (2022), we screened the core genes related to ferroptosis by differential expression analysis and machine learning algorithms. Subsequently, Mendelian randomization identified a causal relationship between ECH1 and stroke. We validated this result using C57BL/6J mice subjected to tMCAO modeling and also observed downregulation of the ECH1 mRNA levels in the peripheral blood and brain regions of the IS group, providing potential peripheral blood biomarkers and therapeutic targets for IS.



2 Results


2.1 Up-regulation of ferroptosis signals in ischemic stroke peripheral blood transcriptome

To determine whether peripheral blood ferroptosis signaling can serve as a biomarker for diagnosis and targeted therapy in IS patients, this study integrated publicly available human-derived gene expression datasets from the GEO database, containing 108 IS samples and 47 healthy control samples. After normalization (Supplementary Figures 1A–D), we performed batch effect correction between datasets using surrogate variable analysis (SVA) to eliminate technical biases that might affect subsequent analyses. To visualize the effect of batch correction, we generated principal component analysis (PCA) plots comparing the distribution of samples before and after batch correction (Supplementary Figures 1E, F).

Through the FerrDb database, we retrieved 565 ferroptosis-related genes, of which 410 genes were in the integrated dataset. Wilcoxon test with Benjamini-Hochberg (BH) correction was utilized to reveal that the expression of ferroptosis-related genes in the IS group was significantly higher than that in the healthy control group (adj.P < 0.05), suggesting that ferroptosis signaling is closely associated with IS injury (Figure 1A).
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FIGURE 1
Ferroptosis-related gene analysis between CT and ischemic stroke (IS) groups. (A) Box plots display differences in Single Sample Gene Set Enrichment Analysis (ssGSEA) scores of ferroptosis-related genes between the CT and IS groups. ****p < 0.0001. (B) A volcano plot illustrates differentially expressed ferroptosis-related genes between the CT and IS groups. (C,D) Support vector machine (C) and random forest algorithms (D) rank the importance of ferroptosis-related genes, highlighting the top 15 key genes. (E) A heatmap visualizes key differentially expressed genes between the CT and IS groups. (F) A correlation heatmap reveals relationships among key ferroptosis-related genes.




2.2 Identification and validation of hub genes in ischemic stroke by support vector machine and random forest algorithms

First, ferroptosis-related differentially expressed genes between the IS and healthy control groups were further identified, with a total of 178 differentially expressed genes, including 111 up-regulated genes and 67 down-regulated genes (Figure 1B).

Then, we employed support vector machine (SVM) and random forest (RF) algorithms with recursive feature elimination (RFE) to identify diagnostic biomarkers for IS. Model optimization was performed using 10-fold cross-validation, systematically evaluating performance across 1–20 feature genes. The optimal SVM model achieved 94.5% accuracy (SD = 0.076) with 15 features, while the RF model peaked at 93.5% accuracy (SD = 0.078) with 16 feature genes (Figures 1C, D and Supplementary Figures 2A, B). The intersection of selected feature genes from both algorithms yielded 12 hub genes: LAMP2, SLC2A3, PHF21A, MAPK14, ZNF419, ALOX5, RPL8, PTEN, BRD2, ECH1, TXN, and ATM. For these screened hub genes, their diagnostic performance in the training cohort was evaluated using the area under the receiver operating characteristic curve (AUC-ROC), with all exhibiting high AUC values greater than 0.75 (Supplementary Figure 2C).

To further validate their diagnostic robustness, we assessed these hub genes in the independent test cohort. All 12 hub genes maintained AUC values above 0.75 (Supplementary Figure 2D), confirming their stable ability to discriminate between the IS and healthy control groups. Meanwhile, as shown in Figure 1E, there was a statistically significant difference in the expression of these genes between the two groups (P < 0.05). In the IS group, ALOX5 showed the highest positive correlation with SLC2A3, while BRD2 showed the strongest negative correlation with TXN (Figure 1F).



2.3 Analysis of immune infiltration in ischemic stroke

It has been known that ferroptosis is strongly associated with immune cells, so we further carried out immune infiltration analysis (Liu C. et al., 2025; Zeng et al., 2024). The results showed that in the IS group, memory B cells, CD8+ T cells, resting CD4+ memory T cells, and active natural killer cells were relatively low, while active CD4+ memory T cells, resting natural killer cells, monocytes, and neutrophils were relatively high (Figure 2A). Additionally, CD4, HLA-DRA, TGFB3, and TNF were relatively low in the IS group, whereas IFNA1, IL10, IL15, and IL1A were relatively high (Figure 2B). These results are highly correlated with the hub ferroptosis genes described above (Figures 3A, B).
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FIGURE 2
Immune profile differences between CT and ischemic stroke (IS) groups. (A) Differences in immune cell composition between the CT group and the IS group. (B) Differences in inflammatory factor levels between the CT group and the IS group. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 3
Immune and inflammatory correlations with ferroptosis genes. (A) Heatmap illustrating the associations between immunocytes and key ferroptosis-related genes. (B) Heatmap illustrating the associations between inflammatory mediators and key ferroptosis-related genes. *p < 0.05, **p < 0.01, ***p < 0.001.




2.4 Cluster analysis shows ferroptosis signaling in ischemic stroke patients is not affected by age, sex, or short-term time after onset

To determine whether the extent of ferroptosis in IS patients was influenced by other factors such as sex and age, we performed a cluster analysis based on the 13 hub genes described above, dividing these samples into two groups (Figure 4A). Our results indicate relatively strong ferroptosis signaling in subgroup 2. Genes like TXN, LAMP2, MAPK14, PTEN, PHF21A, and ALOX5 show higher expression than in subgroup 1 (Figure 4B). Subsequent analyses showed that there were no statistically significant differences in age, gender, or time of onset between the two groups, demonstrating the stability of these genes as biomarkers (Figures 4C–E).
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FIGURE 4
Clustering and clinical characteristics of stroke samples based on ferroptosis-related genes. (A) Clustering classification results of stroke samples based on key ferroptosis-related genes. (B) Heatmap showing gene expression levels with associated clinical information. (C) Boxplot showing the age differences between clusters. (D) Histogram illustrating the gender distribution within subgroups. (E) Histogram showing the distribution of stroke onset times across subgroups.




2.5 Mendelian randomization further reveals that decreased peripheral blood ECH1 expression raises stroke risk

To further explore potential causal associations between these genes and stroke, we performed MR analysis on the exposure (Except for LAMP2 and SLC2A3, 10 of the 12 core genes could be retrieved) and outcome (stroke). Our results showed that ECH1, MAPK14, and BRD2 were significantly correlated with stroke, and no pleiotropy or heterogeneity was detected (P < 0.05) (Figures 5A–C and Table 1). The results of the leave-one-out analysis and single-SNP analysis are presented in the Supplementary Figures 4, 5. Notably, ECH1 showed a negative estimate effect in the MR results, indicating a relationship between decreased expression and increased Stroke risk, which showed a high consistency with the transcriptome results (ECH1 only; the other two genes were excluded because of the opposite result).
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FIGURE 5
Mendelian randomization tests core genes causally linked to stroke. (A–C) Five Mendelian randomization methods, including the inverse-variance weighted (IVW), MR-Egger regression, weighted median, weighted mode, and simple mode, were employed to evaluate the causal relationship between stroke risk and genetic variants of the enoyl-coA hydrolase 1 (ECH1) (A), BRD2 (B), and MAPK14 (C).



TABLE 1 Results from MR analysis of exposure (screened core genes) and outcome (stroke).


	Exposure
	Outcome
	Method
	NSNP
	P-value
	OR (95% CI)





	ECH1
	Stroke
	Inverse variance weighted
	16
	0.037
	0.967 (0.937 to 0.998)



	ECH1
	Stroke
	MR Egger
	16
	0.453
	0.972 (0.903 to 1.045)



	ECH1
	Stroke
	Weighted median
	16
	0.116
	0.968 (0.929 to 1.008)



	ECH1
	Stroke
	Simple mode
	16
	0.163
	0.948 (0.882 to 1.018)



	ECH1
	Stroke
	Weighted mode
	16
	0.16
	0.966 (0.923 to 1.011)



	MAPK14
	Stroke
	Inverse variance weighted
	10
	0.02
	0.950 (0.909 to 0.992)



	MAPK14
	Stroke
	MR Egger
	10
	0.162
	0.906 (0.799 to 1.027)



	MAPK14
	Stroke
	Weighted median
	10
	0.13
	0.956 (0.902 to 1.013)



	MAPK14
	Stroke
	Simple mode
	10
	0.172
	0.941 (0.868 to 1.020)



	MAPK14
	Stroke
	Weighted mode
	10
	0.138
	0.948 (0.889 to 1.011)



	BRD2
	Stroke
	Inverse variance weighted
	9
	0.018
	1.069 (1.012 to 1.129)



	BRD2
	Stroke
	MR Egger
	9
	0.704
	1.020 (0.925 to 1.125)



	BRD2
	Stroke
	Weighted median
	9
	0.328
	1.036 (0.965 to 1.113)



	BRD2
	Stroke
	Simple mode
	9
	0.246
	1.080 (0.957 to 1.218)



	BRD2
	Stroke
	Weighted mode
	9
	0.387
	1.037 (0.960 to 1.120)








2.6 ECH1 is relatively lowly expressed in peripheral blood in the tMCAO model mice

To validate the reliability of the previous results, we examined the mRNA levels of ECH1 in the peripheral blood of tMCAO mice. First, we evaluated the tMCAO model to ensure successful modeling. TTC staining showed the presence of obvious infarct foci in the tMCAO group compared with the sham group (Figures 6A–C). Subsequently, we examined the expression of ECH1 in the peripheral blood. qPCR results showed that ECH1 mRNA levels was significantly decreased in the tMCAO model (n = 6, P < 0.05) (Figure 6D). This finding is consistent with the down-regulation of ECH1 gene expression in the peripheral blood of IS patients observed in transcriptome analysis and the association between down-regulation of ECH1 and increased IS risk predicted by Mendelian randomization.
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FIGURE 6
Expression levels of enoyl-coA hydrolase 1 (ECH1) in transient middle cerebral artery occlusion (tMCAO) mice. (A) Cerebral infarction volume in the sham group, TTC staining. (B) Cerebral infarction volume in the tMCAO group, TTC staining. (C) Detection of cerebral infarct volume. (D) Relative mRNA expression of ECH1. n = 6, two-tailed Student’s t-test, **p < 0.01.




2.7 ECH1 is relatively lowly expressed in cerebral ischemic areas in the tMCAO model mice

Given that peripheral changes may reflect brain alterations, we further examined ECH1 mRNA levels in brain tissues. Before this, we confirmed successful tMCAO modeling. Laser diffusion hemodynamic imaging showed significantly reduced blood perfusion in both contralateral and ipsilateral brains of the tMCAO group (Figure 7A), and consistently, TTC staining revealed distinct infarct foci in the tMCAO group (Figures 7B, C). These findings validated model reliability. Subsequently, we detected ECH1 mRNA levels in brain regions via qPCR. Results showed ECH1 was significantly downregulated in ischemic brain tissues of the tMCAO group compared to the sham group (n = 6, P < 0.05) (Figure 7D), consistent with its mRNA down-regulation in peripheral blood.
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FIGURE 7
Expression levels of enoyl-coA hydrolase 1 (ECH1) in transient middle cerebral artery occlusion (tMCAO) mice. (A) The cerebral blood flow (CBF) was measured by laser scattering. (B) The volume of cerebral infarction in mice, TTC Staining. (C) Detection of cerebral infarct volume. (D) Relative mRNA expression of ECH1. n = 5, two-tailed Student’s t-test, **p < 0.01.





3 Discussion

Ischemic stroke (IS), which accounts for the majority of strokes, is caused by a blockage of blood flow to the brain and is one of the leading causes of death globally. In clinical practice, the assessment of the severity of brain injury mainly relies on imaging tests. Although peripheral blood biomarkers have shown promising value in aiding diagnosis, they have not yet been fully integrated into the standard clinical metrics (Amini et al., 2023; Harpaz et al., 2020; Jickling and Sharp, 2011). As a hot research topic in recent years, ferroptosis has been found to play an important role in the neurological damage caused by IS, and it is clinically important to explore the diagnostic and therapeutic options for IS based on the ferroptosis perspective (Bu et al., 2021; Fang et al., 2022).

In this study, by screening key ferroptosis genes associated with the pathogenesis of IS, we discovered potential biomarkers and therapeutic targets, with the aim of improving the diagnostic efficacy and therapeutic effectiveness, reducing the degree of neurological damage, and improving the prognosis of patients.

First, through differential expression analysis and machine learning screening, we identified 12 hub differentially expressed genes associated with ferroptosis in the peripheral blood of IS patients. Among these genes, ALOX5 (arachidonic acid 5-lipoxygenase) showed a strong positive correlation with SLC2A3 (solute carrier family 2 member 3), indicating activation of the arachidonic acid metabolic pathway. SLC2A3-mediated glucose uptake can contribute to NADPH production via the pentose phosphate pathway (PPP) (TeSlaa et al., 2023; Wu et al., 2021). Meanwhile, the catalytic activity of ALOX5 depends on reducing equivalents supplied by NADPH (Santha and Vishwanathan, 2022). This metabolic interaction suggests a possible feedback mechanism that may enhance the activation of the arachidonic acid metabolic pathway, though direct regulatory evidence remains to be established.

Subsequently, immune analysis showed that the ratio of monocytes to neutrophils in the peripheral blood of IS patients was accompanied by a marked upregulation of the pro-inflammatory cytokines IFN-α1 and IL-1A. Further, our analyses revealed that these peripheral blood immune alterations correlate notably with core ferroptosis genes (e.g., ECH1). This correlation suggests that core ferroptosis genes may contribute to disrupted peripheral blood immune homeostasis by regulating ferroptotic processes, consistent with prior studies showing that ferroptosis influences immune cell recruitment and activation through DAMP release (Chen et al., 2023; Jost and Höckendorf, 2019; Zeng et al., 2024). Specifically, aberrant expression of these genes may act as a potential upstream driver of monocyte/neutrophil infiltration and pro-inflammatory cytokine upregulation in the peripheral blood of IS patients. This also suggests that targeting these genes could mitigate both ferroptosis-related pathology and peripheral immune dysfunction. Meanwhile, peripheral blood alterations of these 12 molecules in IS patients have no significant gender or age bias, indicating their stability as biomarkers. It is noteworthy that there was a difference between the untreated group (3 h) and the treated group (5 h) (P < 0.05) (Supplementary Figure 3), suggesting that treatment may result in an elevated ferroptosis signal due to ischemia-reperfusion injury.

Although all 13 candidate genes showed potential association with IS, Mendelian randomization analysis further revealed a negative causal relationship between peripheral ECH1 and stroke risk. This result suggests that ECH1 may not simply be a concomitant alteration of the disease, but may be involved in the potential pathogenic factors of stroke development. In addition, we also observed a significant down-regulation trend of ECH1 in the brain regions of the tMCAO model mice, a finding that further validates the possible important role of ECH1 in the pathological process of IS.

Enoyl-coA hydrolase 1 is a key enzyme in fatty acid β-oxidation, which encodes mitochondrial short-chain enoyl-CoA hydrolase 1 (Liang et al., 1999). Its down-regulated expression may affect the metabolic pathway of polyunsaturated fatty acids (PUFA), leading to the intracellular accumulation of PUFA (Wang et al., 2025; Zeng et al., 2025). Excessive PUFAs may exacerbate lipid peroxidation through free radical reactions, thereby triggering ferroptosis and ultimately exacerbating neuronal damage after IS (Yang et al., 2016). The consistent expression of ECH1 in brain regions and peripheral blood in this study supports its role as a key molecule in the ferroptosis pathway. Future studies could clarify its specific upstream and downstream mechanisms through functional experiments (e.g., knockdown or overexpression of ECH1).

Notably, there are several limitations in this study that warrant acknowledgment. First, although the present study focused on the role of ECH1 of the ferroptosis pathway in IS, there are other biological functions of this gene independent of ferroptosis, such as its regulatory role in fatty acid metabolism or mitochondrial homeostasis, which may affect IS pathology through non-ferroptosis pathways (Huang et al., 2018; Sakai et al., 2015). Second, our findings only preliminarily establish an association between ECH1 and IS, with no definitive evidence for a causal relationship. Third, as a cross-sectional study conducted at a single time point, it lacks longitudinal tracking of ECH1 dynamics during stroke onset and progression. Fourth, functional validation, including ECH1 knockdown and rescue assays, was not performed, leaving its potential role in IS pathogenesis unsubstantiated. Addressing these limitations in future research will be important to clarify whether ECH1 holds promise as a diagnostic marker and therapeutic target for IS.



4 Conclusion

In summary, this study highlights the ferroptosis pathway as a promising avenue for precision therapy in IS. Using the ferroptosis gene set as an entry point, preliminary multidimensional validation links ECH1 to IS, supporting its potential as a candidate peripheral diagnostic indicator and therapeutic target. These findings contribute to our understanding of ferroptosis in IS pathogenesis and provide a foundational basis for exploring diagnostic and therapeutic approaches related to ECH1. Further validation through mechanistic and clinical studies is needed to confirm their clinical applicability and mechanistic relevance.



5 Materials and methods


5.1 Dataset collection and pre-processing

The datasets GSE16561 and GSE58294 were downloaded from the GEO database. Each dataset was internally normalized using the Limma package of R (version 4.2.3) to reduce batch effects on sequencing depth and to perform log2 transformations on gene expression. The SVA package was used to de-batch genes that coexisted between the two datasets, and PCA plots were used to show before and after differences.



5.2 Ferroptosis-related gene collection and Single Sample Gene Set Enrichment Analysis (ssGSEA)

Genes associated with ferroptosis were collected through the FerrDb database1. The ssGSEA method in the GSVA package was used to score the expression of ferroptosis-related genes in each sample, and then the differences between the healthy control and IS groups were analyzed.



5.3 Differential gene analysis of the ferroptosis gene set

The Limma package was used to analyze the differentially expressed genes in the ferroptosis gene set with Benjamini-Hochberg correction. Absolute log2 fold change ≥ 0.5 and adjusted p-value < 0.05 were set as the screening threshold.



5.4 Construction of training and validation cohorts via stratified random sampling

Training and validation cohorts were constructed using the createDataPartition function from the caret package. A stratified random sampling approach was employed to allocate 70% and 30% of the dataset to the training and validation subsets, respectively. This ensured proportional representation of class distributions across partitions, maintaining statistical consistency with the original dataset.



5.5 Support vector machine and random forest model screening of hub genes

All machine learning analyses were conducted in R (version 4.4.2) using the caret package (version 7.0-1). Support Vector Machine (SVM) models were implemented via the “svmRadial” method, and Random Forest (RF) models via the rf’ method with 1,000 decision trees. Feature selection was performed using Recursive Feature Elimination (RFE) combined with 10-fold cross. Model performance during feature selection was evaluated using classification accuracy and area under the receiver operating characteristic curve (AUC-ROC). Core genes were identified as the intersection of the top-ranked gene sets from both SVM and RF models, enhancing the reliability of feature selection. This consensus gene set was used for all subsequent analyses, ensuring robustness across algorithms.



5.6 Diagnosing the discriminative power of hub genes

To validate the diagnostic efficacy of the hub genes identified through machine learning, receiver operating characteristic (ROC) curve analysis was performed using the training cohort to differentiate between ischemic stroke (IS) patients and healthy controls. The area under the curve (AUC) served as the primary metric, with higher values indicating superior discriminative accuracy for potential IS biomarkers. The robustness of these hub genes was further confirmed via identical ROC analysis in an independent validation cohort, ensuring consistent performance across distinct cohorts. All analyses were conducted using the pROC package (version 1.18.5) in R.



5.7 Immune infiltration analysis

The CIBERSORT package was used to calculate the relative levels of immune cells and inflammatory factors in each sample as a result of immune infiltration. These results were then compared with key ferroptosis-related genes to identify genes that are closely linked to immune regulation in this process.



5.8 Cluster analysis

The core genes with adjusted p-value < 0.05 and absolute log2 fold change ≥ 0.5 in different subgroups were selected. The consensus scoring on key genes was obtained by the Consensus Cluster Plus package. Cluster analysis was based on these results, and clinical-related information was compared among different cluster subgroups.



5.9 Mendelian randomization analysis

The eQTLGen Consortium contains a full set of cis-eQTLs data of peripheral blood from 31,684 individuals. Statistically significant cis-eQTL were obtained from this database (false discovery rate < 0.05, ± 1 MB from each probe), and cis-eQLT in the ± 100 kb range of the ECH1 genome were extracted. GWAS summary statistics for Stoke were obtained from the FinnGen Consortium. This study included 53,492 patients with stroke and 360,342 controls. The GWAS was adjusted for the following covariates: age, sex, 10 principal components, and genotyping batch.

MR analyses were performed using the TwoSampleMR R package. Prior to MR analyses, low-quality genetic instrumental variables were filtered by several rules. First, we excluded weak-strength SNPs (F-statistic < 10). Then, after harmonizing the exposure and outcome summary data, we selected conditionally independent SNPs without chain disequilibrium (r2 < 0.1, based on 1,000 Genomes European reference panel) as instrumental variables. MR estimates for each SNP were calculated using the Wald ratio method, and meta-analysis of multiple SNP estimates was performed with the IVW method as the main method, while sensitivity analysis was performed by MR-Egger, weighted median, simple mode, and Weighted mode. Potential pleiotropy of the association between exposure and outcome was assessed by MR-Egger regression. Heterogeneity of effects between genetic instruments was assessed by Cochran’s Q statistic.



5.10 Design of the animal experiments

A total of 8 weeks-old male C57BL/6J mice of specific pathogen-free grade, weighing 23 ± 2 g, were provided by Zhi Shan (Beijing) Health Medical Research Institute Co., Ltd. The experimental animals were housed in a Turnover room at Beijing University of Chinese Medicine, with a 12 h light/dark cycle maintained at 25 ± 1°C and 55 ± 10% humidity. The environment was free from noise interference. This study was approved and supervised by the Animal Ethics Committee of Beijing University of Chinese Medicine, ensuring animal welfare throughout the experimental design and procedures. All experiments were carried out following the guidelines of the Beijing University of Chinese Medicine Committee for animals. Mice were handled and maintained according to the Beijing University guidelines for animal experimentation. Ethics approval number is: BUCM-2024111506-4290. The date of approval is: 2024/11/15.



5.11 Middle cerebral artery occlusion (MCAO) mice model

Male C57BL/6J mice (8 weeks old) weighing 25 g (±2 g) were selected and anesthetized with sodium pentobarbital (40 mg/kg). After anesthesia with tribromoethanol, the mice were fixed in the supine position, and the skin was incised along the middle of the neck to isolate the common carotid artery (CCA) on one side, carefully detach the vagus nerve, and temporarily ligate the CCA with a vessel suture. The external carotid artery (ECA) and internal carotid artery (ICA) are separated, two tight sutures are tied distally to the ECA, a small incision is carefully made in the vessel with the aid of an arterial clip, and a spigot is inserted into the ICA from the stump of the ECA until the beginning of the middle cerebral artery (MCA) is occluded, and the tail end of the spigot is exposed outside the body as the wound is sutured, and the spigot is removed by passing it through the tail end one hour later.



5.12 Detection of cerebral blood flow (CBF)

The mice were fixed on the stereotaxic device. The skin at the top of the head was routinely sterilized, and then the scalp was incised. The meninges were then separated to completely expose the skull between the coronal suture and the crypt. Then, cortical CBF was assessed by laser scatter flow imaging.



5.13 TTC

The C57BL/6J mice were craniotomized 24 h after the completion of modeling, and the brain tissue was extracted and immediately frozen in a −20°C refrigerator for 30 min. Frozen brain tissue is cut into 5–6 coronal slices of approximate thickness and placed in a Petri dish containing 1% TTC solution, ensuring that the TTC solution completely submerges the brain tissue slices, and incubated at 37°C for 30 min, followed by gentle rinsing with PBS. The stained brain tissue was fixed in 4% paraformaldehyde solution for 1 h.



5.14 RNA extraction and RT-qPCR

The reagents and primers for RNA extraction and RT-qPCR were obtained from Accurate Biotechnology (Hunan) Co., Ltd., China. Total RNA was extracted from the mouse brain using SteadyPure Universal RNA Extraction Kit (AG21017). cDNA was reverse transcribed from the extracted RNA using Evo M-MLV RT Premix for qPCR (AG11706). The mRNA expression levels were quantified using a real-time fluorescence quantitative PCR analyzer (C6, TargetingOne, China) and a ChamQ Blue Universal SYBR qPCR Master Min (Q312-02). All experimental procedures were performed according to the manufacturer’s protocol. Sangon Biotech ACTB (B661302-0001) was used as an internal reference gene to detect the expression of related mRNAs in brain tissues.

Ech1 primers were customized from Sangon Biotech, and the primers were Ech1-left primer 1 (atggccacctggaacatgag), Ech1-right primer 1 (ctctctcagggtccggaaga).
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