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Identification of autophagy-related biomarkers in the circulatory system of 
ischemic stroke
Yuyu Xu a, Jinshan Duana, Deling Zhonga, Ming Yuana, Guohai Zhangb, Zheli Zhua and Yani Xiea

aDepartment of Neurology, The Shengzhou Hospital of Traditional Chinese Medicine, Shengzhou, Zhejiang Province, China; 
bDepartment of Neurosurgery, The Shengzhou Hospital of Traditional Chinese Medicine, Shengzhou, Zhejiang Province, China

ABSTRACT
Objectives: Increasing evidence indicates autophagy’s dual role in ischemic stroke (IS), 
though its mechanisms and biomarkers remain unclear. This study analyzes autophagy- 
related genes (ARGs) and constructs a circRNA-miRNA-mRNA network to identify key 
ARGs and their interactions.
Materials and Methods: Differentially expressed genes from GEO were intersected with 
HADb-derived autophagy-related genes (ARGs) to identify DEARGs. Target mRNAs of 
DEmiRNAs and DEcircRNAs were predicted via mirDIP and circBank, respectively, and 
integrated to construct a circRNA-miRNA-mRNA regulatory network. Key genes were 
screened through PPI analysis, followed by immune infiltration analysis and experimen
tal validation.
Results: In IS, 539 circRNAs, 61 miRNAs, and 565 mRNAs were identified with differential 
expression. A circRNA-miRNA-autophagy related mRNA network was established, iden
tifying multiple regulatory relationship pairs. Notably, five autophagy-related hub genes 
demonstrated significant correlations with immune cell infiltration. Clinical validation 
further confirmed that (HIF1A) and (EIF2AK2) were significantly upregulated, while 
(HSPA8) was significantly downregulated, underscoring their potential relevance in IS.
Conclusion: HIF1A, EIF2AK2, and HSPA8 May serve as biomarkers for early diagnosis of 
IS. This study reveals fresh insights into the molecular mechanisms linked to IS.
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Introduction

Stroke refers to the disruption or reduction of blood supply to the brain, leading to inadequate oxygen and 
nutrients to brain tissues [1]. Worldwide, it is still the second top cause of death and the third top cause of 
disability. Stroke reduces the quality of life for patients and adds a significant economic strain on society, 
with global medical costs associated with stroke exceeding 721 billion dollars [2]. Globally, about 87% of 
strokes are ischemic strokes (IS), while hemorrhagic strokes account for a smaller percentage [2]. The main 
clinical symptoms of IS include speech impairments, consciousness disturbances, facial drooping, hemi
plegia, loss of coordination, and balance disorders, which can even be life-threatening [3,4]. Early recogni
tion of IS can significantly reduce the risk of stroke and improve prognosis [5]. Although the treatment 
options for IS, such as intravenous thrombolysis and mechanical thrombectomy, have rapidly advanced, the 
treatment outcomes remain limited due to the inability to administer timely interventions [6]. However, the 
risk factors of IS are complex and diverse, and there is still a lack of effective methods for accurately 
predicting IS, making the search for predictive and diagnostic biomarkers an urgent and clinically 
significant task [7,8].

Accumulating evidence underscores the pivotal yet paradoxical role of autophagy in IS pathogenesis. 
Physiological levels of autophagy, induced by mild ischemic stress, serve as a cytoprotective mechanism to 
maintain cellular homeostasis by clearing damaged organelles and misfolded proteins. Conversely, pro
longed or severe ischemia triggers aberrant hyperactivation of autophagy, resulting in excessive degradation 
of essential cellular components and ultimately contributing to neuronal death, thereby positioning 
autophagy as a double-edged sword in IS [9]. Given its dual role, therapeutic modulation of autophagy – 
either by enhancing protective autophagy during early ischemia or suppressing detrimental hyperactivation 
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in prolonged injury – represents a promising strategy for IS intervention. Despite prior efforts to identify 
autophagy-associated biomarkers (e.g. LC3, Beclin-1, and Cyto-ID) for IS diagnosis, these candidates 
remain limited by inadequate clinical validation and lack of specificity [10,11].

In addition to coding RNAs, non-coding RNAs like microRNA (miRNA) and circular RNA (circRNA) 
are also play crucial roles in IS. MiRNAs, typically around 22 nucleotides in length, modulate gene 
expression by binding to the 3’ untranslated regions (UTRs) of target messenger RNAs (mRNAs), thereby 
inhibiting translation or promoting mRNA degradation [12]. CircRNAs, a newly discovered class of 
endogenous non-coding RNAs characterized by their closed-loop structures, function as molecular sponges 
for miRNAs, thereby regulating miRNA activity and influencing processes such as protein coding and the 
expression of other genes [13]. It is estimated that more than 2,000 identified miRNAs may regulate 
approximately one-third of human genes [14]. Research aimed at identifying biomarkers associated with 
IS has uncovered numerous miRNAs and circRNAs with aberrant expression patterns, including miR-125- 
5p, miR-4446-3p, circ-PTP4A2, and circ-TLK2. These molecules are implicated in various biological 
processes such as autophagy, apoptosis, immunity, and inflammation [15–18]. Consequently, miRNAs 
and circRNAs hold promise as potential predictive biomarkers and therapeutic targets for IS.

IS triggers a cascade of neuroinflammatory responses through multiple cellular and molecular mechan
isms. Injured cells upregulate selectins, promoting leukocyte adhesion to the vascular endothelium while 
compromising blood-brain barrier (BBB) integrity. This barrier disruption facilitates the extravasation of 
danger-associated molecular patterns (DAMPs) into both systemic circulation and cerebrospinal fluid, 
subsequently activating innate immune responses through sequential signaling pathways [19]. A spectrum 
of immune cells, including microglia, monocytes, neutrophils, astrocytes, T lymphocytes, and 
B lymphocytes, have been demonstrated to participate extensively in post-IS neuroinflammation [20,21]. 
The inflammatory mediators (cytokines and chemokines) released by these immune cells not only mediate 
local inflammatory responses but also disseminate systemically via circulation, forming an ‘invisible 
regulatory network’ that connects central nervous system (CNS) pathology with peripheral immune status. 
Nevertheless, the precise relationships between blood-based biomarkers of IS and specific immune cell 
subsets remain to be fully elucidated, representing a critical knowledge gap in understanding the holistic 
immunopathological mechanisms of IS.

This study aims to identify key autophagy-related genes (ARGs) involved in IS and the potential 
circRNA-miRNA-autophagy related mRNA network relationships. To achieve this, we leveraged publicly 
available datasets from the Gene Expression Omnibus (GEO) database to identify differentially expressed 
mRNAs, miRNAs, and circRNAs in the context of IS. Subsequently, we constructed a comprehensive 
circRNA-miRNA-autophagy related mRNA network. Through rigorous protein-protein interaction (PPI) 
analysis, we identified the key genes in this network and analyzed their relationships with immune cells. 
Finally, we substantiated the differential expression of these hub genes by validating them against the public 
dataset GSE58294 and blood samples from a clinical cohort, employing quantitative real-time polymerase 
chain reaction (qRT-PCR) and Western blot techniques.

Methods

Data collection

We searched the the public datasets using ‘ischemic stroke’ in the GEO database and identified four datasets, 
each of which characterized different aspects of gene expression related to IS: Whole blood mRNA 
expression data, GSE16561 (GPL6883 Illumina HumanRef-8 v3.0 expression beadchip), which includes 
samples from 24 healthy controls (HC) and 39 IS patients. Whole blood mRNA expression data at various 
time points post-IS, GSE58294 (GPL570 Affymetrix Human Genome U133 Plus 2.0 Array), comprising 23 
HC and 23 IS patients, with samples collected 3 h, 5 h, and 24 h after stroke onset. Plasma circRNA 
expression data, GSE133768 (GPL21825 074301 Arraystar Human CircRNA microarray V2), featuring 3 
HC and 3 IS. Plasma miRNA expression data, GSE199942 (GPL16791 Illumina HiSeq 2500 Homo sapiens), 
including 5 HC and 5 IS patients. Additionally, we obtained a list of 222 ARGs from the Human Autophagy 
Database (http://www.autophagy.lu/). Figure 1 shows the data analysis process.
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Identification of differentially expressed mRNA, miRNA, and circRNA

To preprocess the four datasets and remove batch effects, we utilized the ‘sva’ package (version 3.35.2) in 
R (version 4.3.0), applying it individually to each dataset. For the mRNA (GSE16561) and miRNA (GSE199942) 
datasets obtained from RNA-seq, we employed the ‘edgeR’ package (version 3.42.4) to analyze the differential 
expression of genes and miRNAs in IS compared to HC. We set the threshold for differentially expressed genes 
(DEGs) and miRNAs (DEmiRNAs) as p < 0.05 and |log2 fold change (log2FC)| > 0.5 [22–24]. For the circRNA 
dataset (GSE133768), which was acquired via microarray technology, we conducted differential expression 
analysis using the ‘limma’ package (version 3.56.2). We defined the criteria for differentially expressed circRNAs 
(DEcircRNAs) in ischemic stroke, using HC as the reference group, with p < 0.05 and |log2FC| > 1 [16,23].

Identification and functional enrichment analysis of differentially expressed ARGs in IS

To identify ARGs that are differentially expressed in IS, we intersected the list of DEGs with the list of ARGs 
obtained from the Human Autophagy Database. A set of differentially expressed ARGs (DEARGs) in IS was 
obtained from this intersection.

To explore the potential biological roles of these DEARGs, we conducted enrichment analysis for Gene 
Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway using the 
‘clusterProfiler’ package (version 4.8.3) in R. Statistical significance for gene enrichment was considered 

Figure 1. Research workflow diagram. ARGs: Autophagy-related genes, IS: Ischemic stroke, DEGs: Differentially expressed 
genes, DEcircRNAs: Differentially expressed circRNAs, DEARGs: Differentially expressed autophagy-related genes, DEmiRNAs: 
Differentially expressed miRNAs, ceRNA: Competing endogenous RNA networks, PPI: Protein-protein interactions.
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at p < 0.05. This analysis aims to identify the biological processes (BP), cellular components (CC), and 
molecular functions (MF) as well as the metabolic and signaling pathways that are significantly associated 
with the DEARGs in the context of IS.

Construction of circRNA-miRNA-autophagy-related mRNA network in IS

The target mRNA of DEmiRNA was predicted through the mirDIP database (https://ophid.utoronto.ca/ 
mirDIP). We then compared the target mRNAs of these predictions with DEARGs and combined expres
sion values to identify relationships in which DEmiRNAs may exert negative regulation on DEARGs. 
Additionally, using the circBank database (http://www.circbank.cn/), we predicted the target circRNAs for 
the DEmiRNAs and intersected these predictions with the DEcircRNAs identified in our dataset. Similarly, 
negatively regulated DEcircRNA-DEmiRNA interaction pairs were selected based on expression values. 
Finally, we integrated the relationships between DEcircRNAs and DEmiRNAs with those between 
DEmiRNAs and DEARGs to construct a comprehensive circRNA-miRNA-autophagy-related mRNA net
work. This network visualization was done with Cytoscape (version 3.9.1). This visualization aids in 
understanding their roles in regulating autophagy-related processes during IS.

Screening of DEARG hub genes in IS

In the STRING database, the DEARGs were uploaded with ‘Homo sapiens’ selected as the species and an 
interaction confidence threshold of at least 0.4, while other parameters were kept at their default values. This 
process yielded PPI information. The data was then exported in TSV format and brought into Cytoscape 
(version 3.9.1). Within Cytoscape, the cytoHubba plugin was utilized to calculate various centrality metrics 
for each gene, including Degree, Betweenness Centrality, and Closeness Centrality. Genes exceeding the 
median values for all three metrics were selected as hub genes.

Correlation analysis between hub genes and blood immune cells

To assess the distribution of immune cell subtypes in IS patients’ the blood, we employed the CIBERSORT 
tool (http://CIBERSORT.stanford.edu/) to analyze the gene expression matrix from GSE16561, which 
provided the distribution of 22 types of immune cells. The differences in the distribution of immune cell 
subtypes between IS patients and HC individuals were displayed using box plots. Subsequently, we 
identified immune cells that showed significant differences between IS patients and HC. Then, we per
formed Pearson correlation analysis to assess the correlation between immune cell distribution and hub 
gene expression in IS samples.

Verification of hub gene expression in IS

We analyzed the expression changes of hub genes at 3 h, 5 h, and 24 h after IS occurrence in the GSE58294 
dataset and visualized these changes using violin plots.

In addition, the levels of hub gene expression in blood from IS patients and HC were measured 
using qRT-PCR and Western blot. This project received approval from the ethics committee of 
Shengzhou Hospital of Traditional Chinese Medicine (Approval NO: SZZYK-2024–002). The inclu
sion criteria for IS patients included: (1) aged 18–75 years; (2) diagnosed with IS based on head 
computerized tomography (CT) or magnetic resonance imaging (MRI); (3) no significant neurological 
impairment caused by cerebral vascular disorders or other causes prior to the onset; and (4) no 
history of stroke. The exclusion criteria for IS patients included: (1) stroke occurrence more than 72 h 
prior; (2) presence of malignant tumors, severe pulmonary infection, severe dysfunction of heart, 
liver, or kidney, or hemorrhagic diseases causing neurological deficits not related to cerebrovascular 
reasons; (3) cardioembolic stroke, transient ischemic attack, hemorrhagic infarction, occult cerebral 
vascular malformation, traumatic cerebrovascular disease; and (4) incomplete clinical data. The 
inclusion criteria for HC included: (1) aged 18–75 years; (2) have no past incidents of stroke or 
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other cardiovascular diseases. The exclusion criteria for HC included: (1) severe head trauma in the 
past or undergone head surgery; (2) pregnancy or lactation.

Based on these criteria, we recruited 10 IS patients and 10 HC from Shengzhou Hospital of 
Traditional Chinese Medicine and collected their whole blood samples to examine the mRNA 
expression levels of hub genes [16]. In addition, 10 IS patients and 10 HC were recruited, and their 
whole blood was collected to separate the buffy coat and detect the protein expression level of hub 
genes in the buffy coat. Table 1 presents a comparison of the baseline information of the two groups 
of patients. The informed consent form was signed by all participants and their families after 
obtaining their consent.

qRT-PCR

Blood samples from HC were collected during their routine health examinations, while blood samples 
from IS patients were collected upon hospital admission. 2.5 mL whole blood was collected using 
PAXgene® Blood RNA Tubes (BD Biosciences, U.S.A.). Total RNA was extracted from the whole 
blood using the EZ-press Whole Blood RNA Purification Kit (EZ Bioscience, U.S.A.). cDNA was 
synthesized from total RNA using HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, 
China). The oligodT and Random primers for reverse transcription cDNA are from Vazyme (item 
number R323). Quantitative PCR was performed using Taq Pro Universal SYBR qPCR Master Mix 
(Vazyme, China), following the manufacturer’s instructions. The reference gene used was GAPDH. 
The target genes’ relative expression levels were determined using the 2−ΔΔCt method. Information 
about the primers used is provided in Table 2.

Western blot

Take 5 mL of blood in an EDTA anticoagulant tube and centrifuge at 2000 g for 15 min at room 
temperature to separate it into plasma, red blood cells, and a buffy coat containing white blood 
cells. Carefully aspirate the buffy coat for protein detection. The BCA protein assay kit (Beyotime, 

Table 1. Baseline characteristics analysis of the two groups.
Item Healthy controls IS P

Gender (n, %) female 3 (30%) 3 (30%) 1
male 7 (70%) 7 (70%)

Age (SEM±SD) 68.50 ± 6.50 65.80 ± 8.69 0.442
Complicated with hypertension (n, %) 0 (0%) 7 (70%) 0.005**
Complicated with diabetes (n, %) 0 (0%) 2 (20%) 0.456
Complicated with coronary heart disease (n, %) 0 (0%) 0 (0%) 1
Stroke type (n, %) large artery atherosclerosis / 6 (60%) /

Small vessel occlusion / 4 (40%)
Time of stroke onset (h) (SEM±SD) / 11.10 ± 10.85 /
NIHSS on admission (SEM±SD) / 4.60 ± 3.89 /

** indicates p < 0.01.

Table 2. Primer sequences used in quantitative PCR.
Primer name Sequence (5’-3’)

homo-GAPDH-F GCATCCTGGGCTACACTGAG
homo-GAPDH-R GTCAAAGGTGGAGGAGTGGG
homo-BNIP3L-F TTGGATGCACAACATGAATCAGG
homo-BNIP3L-R TCTTCTGACTGAGAGCTATGGTC
homo-EIF2AK2-F ACGCTTTGGGGCTAATTCTTG
homo-EIF2AK2-R CCCGTAGGTCTGTGAAAAACTT
homo- HIF1A-F GAACGTCGAAAAGAAAAGTCTCG
homo- HIF1A-R CCTTATCAAGATGCGAACTCACA
homo-HSPA8-F ACTCCAAGCTATGTCGCCTTT
homo-HSPA8-R TGGCATCAAAAACTGTGTTGGT
homo-LAMP2-F TGGCAATGATACTTGTCTGCTG
homo-LAMP2-R ACGGAGCCATTAACCAAATACAT
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China) was employed to determine the protein concentration. The protein samples were then 
diluted with protein loading buffer to a final concentration of 5 mg/mL. A 10 µL aliquot of each 
protein sample was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) (Beyotime, China). The proteins were transferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore, U.S.A.) via wet transfer. The membrane was blocked with 5% non-fat dry 
milk for 1 h. After blocking, the membrane was incubated overnight at 4°C with primary anti
bodies: HIF-1α (1:2000, Proteintech, China), HSPA8 (1:2000, Proteintech, China), EIF2AK2 (1:2000, 
Proteintech, China), and GAPDH (1:10000, Biodragon, China), with GAPDH serving as a loading 
control. Following washing with PBST (phosphate-buffered saline with Tween-20), the membrane 
was incubated with Goat Anti-Mouse IgG H&L (1:10000, Biodragon, China) for 2 h. Protein bands 
were visualized using enhanced chemiluminescence (ECL) reagents (Beyotime, China) for 10 min, 
and images were captured using an infrared laser imaging system (Odyssey, LI-COR Biosciences, 
U.S.A.). Relative protein expression levels were quantified using Image-Pro Plus software (Media 
Cybernetics, U.S.A.).

Statistical analysis

The Mann-Whitney U test was utilized for statistical analysis between the two groups of continuous 
variables, as they do not adhere to a normal distribution. The Wilcoxon non-parametric test was used to 
evaluate the significance of the expression differences of the hub gene between the hub gene and the HC 
group at different time points. For difference analysis and enrichment analysis, the ‘Benjamini- 
Hochberg’ method was used to adjust the p value. Significance was determined by the threshold 
p < 0.05.

Result

Differentially expressed autophagy-related genes in IS

To characterize the gene expression changes in IS patients’ whole blood, we utilized the GSE16561 
dataset and compared it against healthy control whole blood samples. We identified a total of 565 
DEGs associated with IS (p < 0.05, |log2FC| > 0.5). Of these, 308 genes were upregulated, and 257 
genes were downregulated (Figure 2(A)). Subsequently, we intersected the DEGs with ARGs to 
identify DEARGs in the whole blood of IS patients and obtained 13 DEARGs (Figure 2(B)). The 
upregulated DEARGs included BNIP3L, EIF2AK2, FOS, GABARAPL2, GNAI3, HIF1A, 
LAMP2, PRKAR1A, RAB33B, and TNFSF10. The downregulated DEARGs were EEF2, HSPA8, 
and PRKCQ.

To explore the functions of DEG and DEARG in IS, we performed functional enrichment analysis of 
these genes. We found that DEG in the blood of IS is mainly enriched in pathways related to the 
immune system in the BP module pathway, such as immune response regulation, immune response 
activation and other signaling pathways. In the CC module, DEGs are mainly enriched in cytoplasmic 
vesicle lumen, cell-substrate junction, etc. In the MF module, DEGs are mainly enriched in pattern 
recognition receptor activity, immune receptor activity, etc (Figure 3(A)). According to the KEGG 
enrichment analysis of DEGs, they were chiefly enriched in pathways such as primary immunodefi
ciency, Th1 and Th2 cell differentiation, and Th17 cell differentiation (Figure 3(B)). The expression 
pattern of immune-related genes in the whole blood of IS patients is shown to be altered by these 
results.

We further analyzed DEARG-related functions through GO and KEGG enrichment. In the BP, CC, 
and MF modules enriched in GO, DEARG is mainly enriched in macroautophagy, autophagosome, 
ubiquitin protein ligase binding, and other functions (Figure 3(C)). KEGG enrichment analysis showed 
that DEARG was enriched not only in the autophagy pathway but also significantly in immune-related 
pathways like PD-L1 expression and the PD-1 checkpoint pathway in cancer, as well as Th17 cell 
differentiation (Figure 3(D)).
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Figure 2. DEARG in IS. (A) DEGs volcano diagram in IS; (B) Venn diagram of DEGs and ARG.

Figure 3. GO and KEGG enrichment analysis of DEGs, DEARGs in IS. (A) Bar Chart of GO Enrichment Analysis for DEGs in IS; 
(B) Bubble chart of KEGG enrichment analysis for DEGs in IS; (C) Bar chart of GO enrichment analysis for DEARGs in IS; 
(D) Bubble chart of KEGG enrichment analysis for DEARGs in IS.

NEUROLOGICAL RESEARCH 7



circRNA-miRNA-autophagy related mRNA network in IS

In order to reveal the regulatory mechanism among DEcircRNAs, DEmiRNAs and DEARGs, we con
structed an autophagy-related Competing endogenous RNA (ceRNA) network in IS based on multiple data 
sets. First, the DEcircRNAs in IS group were screened in the GSE133768 data set. Compared with the HC 
group, 539 DEcircRNAs were obtained (p < 0.05 and |log2FC| > 1), of which 218 DEcircRNAs were 
upregulated and 321 DEcircRNAs were downregulated in IS patients (Figure 4(A)). The GSE199942 data 
set was used to screen DEmiRNAs in IS. Compared with the HC group, 61 DEmiRNAs were obtained 
(p < 0.05 and |log2FC| > 0.5), of which 37 DEmiRNAs were upregulated and 24 DEmiRNAs were down
regulated in IS patients (Figure 4(B)). DEcircRNA, DEmiRNA, and DEARG were integrated to construct 
a ceRNA network, and multiple regulatory relationship pairs were identified, such as hsa-circ-0000120_hsa- 
miR-26b-5p_GABARAPL2, hsa-miR-24-3p/hsa-miR-17-5p/hsa-miR-13a-3p_BNIP3L, hsa-miR-16–2-3p/ 
hsa-miR-126-5p/hsa-miR-17-5p/hsa-miR-660-5p_HIF1A, hsa-miR-133a-3p/hsa-miR-92a-3p/hsa-miR 
-140-3p/hsa-let-7f-5p/hsa-let-7i-5p/hsa-miR-660-5p_LAMP2, hsa-miR-133a-3p/hsa-miR-660-5p_GNAI3, 

Figure 4. circRNA-miRNA-autophagy-related mRNA network in IS. (A) Volcano diagram of DEcircRNAs in IS; (B) Volcano 
diagram of DEmiRNAs in IS; (C) ceRNA network constructed based on DEcircRNA-DEmiRNA-DEARG. The green square 
represents DEARG, the red triangle represents DEmiRNA, and the blue circle represents DEcircRNA.
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hsa-miR-128-3p/hsa-miR-660-5p_RAB33B, has-let-7d-3p_PRKAR1A, hsa-miR-101-3p_FOS 
(Figure 4(C)). These ceRNA regulatory relationships suggest the complex regulatory mechanisms of 
ARGs and may provide more autophagy-related biomarkers.

DEARG hub gene in IS

In our study of IS, we performed an analysis of the PPI network for DEARGs. Our analysis revealed 
interactions among the DEARGs, with the exception of PRKAR1A and PRKCQ, which did not show 
interactions with other DEARGs (Figure 5(A)). Hub genes within the DEARG PPI network were deter
mined by considering genes whose degree centrality, betweenness centrality, and closeness centrality were 
all above the median. This approach led to the identification of five hub genes: HIF1A, HSPA8, BNIP3L, 
LAMP2, and EIF2AK2 (Figure 5(B)).

Correlation between DEARG hub genes and immune cells

We used CIBERSORT to count immune cells in IS and healthy control blood and perform statistical 
analysis. The results showed that B cell memory, Macrophages M2, NK cells activated, T cells CD4 memory 
resting, and T cells CD8 were significantly reduced in the blood of IS patients, while Dendritic cells 
activated, Monocytes, Neutrophils, Macrophages M0, and T cells CD4 memory activated were significantly 
increased in the blood of IS patients (Figure 6(A)). We further analyzed the correlation between HIF1A, 
HSPA8, BNIP3L, LAMP2, EIF2AK2 and differential immune cells in IS patients, and found that all five 
genes were significantly correlated with Neutrophils, among which HSPA8 was significantly negatively 
correlated with Neutrophils, while HIF1A, BNIP3L, LAMP2, and EIF2AK2 were significantly positively 
correlated with Neutrophils. NK cells activated and T cells CD8 were significantly positively correlated with 
HSPA8, but significantly negatively correlated with LAMP2 (Figure 6(B)). Dendritic cell activation is 
significantly positively correlated with EIF2AK2, while HSPA8 is significantly negatively correlated with 
M0 macrophages and activated CD4 memory T cells, and significantly positively correlated with resting 
CD4 memory T cells. Notably, these genes with the activation levels of immune cells, with p-values < 0.05 
and absolute values of correlation coefficients (|r|) > 0.3. These results further illustrate that these autop
hagy-related hub genes may serve as biomarkers of IS.

Figure 5. Identification of hub genes in the DEARG network. (A) PPI network of DEARGs. This network visualization 
illustrates the interconnectedness of DEARGs identified in the study. Each node represents a DEARG, and the edges signify 
known or predicted interactions between these genes; (B) Stacked bar chart of degree, betweenness centrality, and 
closeness centrality in the PPI network of DEARGs. This stacked bar chart provides a quantitative assessment of the 
centrality measures for each node within the DEARG PPI network.
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Expression verification of hub genes

The data set GSE58294 was utilized to conduct a deeper analysis of the expression patterns of hub 
genes in IS. The results of the analysis indicated that EIF2AK2, HIF1A, and LAMP2 expression levels 
were significantly increased compared with the control group at 3, 5, and 24 h after IS. However, the 
expression of HSPA8 was significantly reduced at 3 and 5 h after IS. Analysis of the GSE58294 dataset 
showed that although there was a trend toward elevated BNIP3L in the IS group compared to the HC 
group, there was no significant difference between the IS and HC groups (Figure 7(A)). The 
expression of HIF1A and EIF2AK2 was significantly elevated at different time points compared to 
the HC group, and HSPA8 was significantly decreased at 3 and 5 h after the onset of IS compared to 
the HC group (Figure 7(A)). The expression patterns of the five hub genes were verified by q-PCR in 
the blood of 20 clinical patients. The results showed that the expression of HSPA8 was significantly 

Figure 6. Comprehensive immune landscape of ischemic stroke (IS) patients and the correlation between hub genes and 
immune cell populations. (A) Box plot illustrating the immune landscape differences between IS patients and Healthy 
Controls (HC). This box plot visually compares the immune profiles of IS patients with those of HC. Each box represents the 
distribution of immune cell populations or immune-related metrics; (B) Correlation matrix depicting the relationships 
between hub gene expression levels and immune cell populations in IS Patients. This matrix presents the pairwise 
correlations between the expression levels of identified hub genes and various immune cell subsets within the IS patient 
cohort. Each cell in the matrix contains a correlation coefficient, with asterisks indicating the level of statistical significance: 
*p < 0.05 **p < 0.01 ***p < 0.001.
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decreased in both IS groups compared to the HC group, whereas the expression of HIF1A and 
EIF2AK2 was significantly increased in both groups compared to the HC group, and these expression 
patterns were consistent with the bioinformatic analyses; however, BNIP3L and LAMP2 were not 
significantly different between IS and HC (Figure 7(B-F)). Finally, we verified the protein levels of 
HSPA8, HIF1A, and EIF2AK2 in the blood buffy coat of IS patients by Western blot. The protein 
levels of HIF1A and EIF2AK2 also increased after IS, while the protein level of HSPA8 decreased 
after IS (Figure 7(G)). These results indicate that HSPA8, HIF1A, and EIF2AK2 May play an 
important role in the body’s response after IS.

Figure 7. Verification of expression levels of autophagy-related hub genes in is. (A) Temporal expression profile of hub 
genes following IS onset. This panel illustrates the expression dynamics of identified hub genes at three critical time points 
after IS occurrence: 3 hours (IS3), 5 hours (IS5), and 24 hours (IS24). (B-F) RT-PCR validation of hub gene mRNA expression in 
IS and HC Whole Blood. Each subplot compares the expression levels of the respective hub gene between IS patients and 
HC, with asterisks denoting statistically significant differences (p < 0.05); (G) Western blot detection of hub gene protein 
expression in is and HC blood buffy coat. This panel utilizes western blot analysis to assess the protein expression levels of 
the hub genes in the blood buffy coat of IS patients compared toHC, * represents p < 0.05.
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Discussion

Using expression profiles from the GEO database, we effectively constructed a circRNA-miRNA-autophagy 
related mRNA network and identified multiple relationship pairs. Notably, we found significant correla
tions between the five hub genes identified and immune cell types. Consistently, clinical validation revealed 
that two autophagy-related genes/proteins were upregulated (HIF1A and EIF2AK2), and one (HSPA8) was 
downregulated.

Autophagy is widely recognized for its pivotal yet paradoxical role in IS, exhibiting a ‘double-edged 
sword’ effect with opposing impacts. Excessive autophagy activation has been shown to exacerbate brain 
damage. For example, Gong et al. demonstrated that deletion of the autophagy gene Atg7 inhibited 
neuronal autophagic death and alleviated brain damage in a rat model of cerebral ischemia [25]. 
Conversely, other studies highlight autophagy’s protective effects in stroke. For instance, targeting the 
key autophagy gene SIRT3 to activate its mediated mitophagy promotes angiogenesis, thereby alleviating 
cerebral ischemia/reperfusion injury post-stroke [26]. Thus, more studies are required to identify potential 
biomarkers and investigate the molecular mechanisms of autophagy to support the early diagnosis and 
treatment of IS.

In our study, PPI analysis of 13 DEARGs yielded five hub genes (HIF1-A, HSPA8, BNIP3L, LAMP2, 
EIF2AK2). Further validation in clinical samples showed significant upregulation of HIF1A and EIF2AK2 
in IS patients, and a significant downregulation of HSPA8. The oxygen content of tissues plays a crucial role 
in maintaining cellular functions. Short-term hypoxia can trigger molecular pathways in various stem cells, 
including neural stem cells, to protect them from oxidative damage, while severe or long-term hypoxia 
affects neural stem cells activity, hinders the normal function and repair ability of the nervous system [27]. 
As is well known, IS is a disease caused by cerebral ischemia and hypoxia, which means that the occurrence 
of IS may be closely related to key transcriptional regulators involved in adaptive hypoxia. The HIF1A gene 
encodes HIF-1α, a key transcriptional factor activated under hypoxic conditions, which is highly sensitive to 
oxygen concentration and regulates various hypoxia-adaptive genes. Under normoxic conditions, HIF-1α is 
rapidly degraded by the ubiquitin-proteasome system. However, during hypoxia-ischemia (such as in IS), 
HIF1A is rapidly activated to adapt to the hypoxic environment, thereby activating numerous biological 
factors to regulate various biological functions. Specifically, during hypoxia, hydroxylase activity is inhib
ited, allowing HIF-1α to escape degradation and become activated. It accumulates and enters the cell 
nucleus, where it forms a complex with HIF-1β to activate downstream target genes. Accumulated HIF-1α, 
as a transcription factor, enhances the expression of downstream hypoxia-adaptive genes, which may 
exacerbate blood-brain barrier leakage and inflammatory responses during acute hypoxia [28]. On the 
other hand, HIF1A can inhibit hypoxia response element-mediated activation of glycolysis-related genes, 
leading to defects in neuronal energy metabolism compensation and mitochondrial oxidative stress damage 
[29]. Some studies have suggested that monitoring HIF1A expression levels can estimate the severity of 
brain hypoxia and injury [30]. However, other studies have reached opposite conclusions, indicating that 
HIFs alleviate ischemic stress by mediating metabolic reprogramming [31]. This may be related to the 
subunits of HIF-1, as HIF-1α and HIF-1β may play different roles during IS [31]. Clearly, our results 
support the former conclusion, as HIF1A expression levels in IS patients are higher than in healthy 
individuals, playing a certain promotional role in the development of IS. It is worth mentioning that the 
study of Ewida et al. the changing trend of in HIF1A in stroke patients (including both ischemic and 
hemorrhagic subtypes) was consistent with our results [32]. Autophagy is crucial for brain cell survival 
during IR. Appropriate autophagy has neuroprotective effects, while excessive autophagy can lead to 
neurotoxicity [33]. Evidence suggests that HIF-1α, upon being transported into the cell nucleus under 
hypoxic conditions, accelerates the activation of BNIP3/BNIP3L, thereby regulating apoptosis and autop
hagy through control of BNIP3 [34,35]. This indicates that HIF-1α plays a critical role in regulating the 
autophagy process during brain hypoxia. Furthermore, HIF1A has micrornas targeting autophagy mod
ulators [36], which seems to indirectly verify our results. HIF-1 can induce the expression of hypoxia- 
sensitive miRNAs at the transcriptional level, while its expression is also regulated by miRNAs, providing 
a new target for treating hypoxic damage [37].

EIF2AK2 has been reported to participate in cellular autophagy. Wu et al.‘s research suggests that 
EIF2AK2 May be a key gene in activating autophagy during wound healing and promotes wound healing 
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by upregulating immune cell levels [38]. Notably, under ischemic conditions, eIF2α is phosphorylated and 
upregulates autophagy-related proteins such as ATG12, leading to autophagy activation, which is consid
ered a unique autophagy control mechanism [39–41]. Inhibition of PKR activity can block the induction of 
autophagy by reducing the phosphorylation level of eIF2α [42]. Another hypothesis suggests that under 
hypoxic conditions, eIF2α is phosphorylated to inhibit overall protein synthesis and further mitigate cellular 
damage through autophagy [43]. Thus, EIF2AK2 May play a more beneficial role during IS. This study 
found that HIF1A and EIF2AK2 were significantly upregulated within 72 hours of the onset of cerebral 
infarction, suggesting that hypoxia maintains cellular function and energy homeostasis by activating 
autophagy. It is worth noting that bioinformatics analysis indicates that EIF2AK2 is also involved in the 
pathogenesis of various diseases by regulating miRNA expression [44–46]. Furthermore, multiple studies 
have confirmed that EIF2AK2 is a key participant in the body’s immune response [47–49], which is similar 
to our results. Autophagy has three distinct forms: macroautophagy, microautophagy, and HSPA8 chaper
one-mediated autophagy (CMA). The molecular chaperone protein HSPA8 (Hsc70) specifically recognizes 
the KFERQ-like pentapeptide motif on substrate proteins, forms a ternary complex, and transports it to the 
lysosomal membrane. Through lysosomal membrane receptors, the substrate is directly transported across 
the membrane into the lysosomal lumen for degradation [50,51]. HSPA8 is widely involved in IS-related 
cellular processes and is associated with the infiltration levels of various immune cells [52–54]. Additionally, 
it is worth noting that evidence suggests that enhancing CMA can alleviate hypoxia-induced pathology in 
cardiomyocytes, thereby reducing cell death and toxicity [51]. We speculate that HSPA8 May play a similar 
role during IS. Recent studies have linked tag SNPs rs10892958 and rs1136141 in the HSPA8 gene with 
increased risk of IS, suggesting that HSPA8 gene polymorphisms may be associated with IS risk [52]. 
However, there is no literature report on the mechanism of interference with EIF2AK2 and HSPA8 on 
stroke.

Immune responses plays a pivotal role in the pathological progression of IS and rapidly emerge as 
a dominant pathological mechanism following disease onset. Upon ischemic brain injury, the immune 
system initiates inflammatory responses, releasing inflammatory cytokines and mediators to clear necrotic 
cells and promote neural and vascular regeneration, aiding brain injury repair [17]. After the occurrence of 
IS, blood inflammatory biomarkers are significantly elevated, such as high-sensitivity C-reactive protein 
(hsCRP), tumor necrosis factor-alpha (TNF-α), and lipoprotein-associated phospholipase A2 (Lp-PLA2) 
[55]. Autophagy serves as a crucial regulator of immunity, participating in antimicrobial defense, immune 
cell function modulation, inflammation regulation, and immune-related diseases [56]. Functional enrich
ment analysis of DEGs and DEARGs in IS revealed significant enrichment of immune-related pathways, 
suggesting that autophagy regulation in IS may be related to immunity. Nonetheless, there is limited 
understanding of how autophagy influences the immune features of IS. To address this gap, we conducted 
a correlation analysis involving DEARG hub genes and 22 different immune cells. Compared to HC, 
significant alterations in immune cell types were observed in the peripheral blood of IS patients, indicative 
of disrupted immune cell homeostasis and an altered immune states. Among the five hub genes, all 
exhibited significantly correlations with Neutrophils. HIF1A, BNIP3L, LAMP2, and EIF2AK2 showed 
positive correlations, implying their potential involvement in neutrophil activation and inflammation 
modulation, conversely, HSPA8 showed a negative correlation, suggesting a possible role in suppressing 
inflammatory responses. Importantly, these findings do not establish causality, and further functional 
studies are warranted to elucidate the mechanistic roles and clinical implications of autophagy-immune 
crosstalk in the pathogenesis and progression of IS.
circRNA and miRNA are essential in controlling mRNA within biological processes including gene 
expression, cellular development, and disease onset [57,58]. Recent studies indicate that circRNA and 
miRNA are involved in the pathogenesis of IS through mechanisms like ferroptosis and immune responses 
[16,17,59]. Our research, along with published literature, demonstrates that HIF1A is crucial for alleviating 
acute hypoxic damage. Recent findings confirm the key role of RNA interference (RNAi) miRNA in the 
hypoxic response pathway. miRNA-18a, miRNA-155, miRNA-199a, miRNA-429, and miRNA-433 have 
been shown to directly interact with HIF1A [37]. This suggests that miRNAs could be novel targets for 
treating diseases including IS and myocardial infarction, which involve cerebral ischemia. Our bioinfor
matics analysis identified regulatory pairs such as hsa-miR-16–2-3p/hsa-miR-126-5p/hsa-miR-17-5p/hsa- 
miR-660-5p-HIF1A. hsa-miR-126, known for its diverse roles in regulating angiogenesis, inflammatory 
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responses, and metabolism, emerges as a potential target for treating cardiovascular diseases and tumors. 
hsa-miR-126 can positively regulate HIF1A, thereby inhibiting endothelial cell dysfunction including 
migration, proliferation, and angiogenesis. HIF1A is a target of miRNA-126’s protective function; their 
therapeutic modulation could benefit the diagnosis and treatment of IS [60]. Under hypoxic conditions, 
overexpression of hsa-miR-17-5p inhibits autophagy in CAL-27 cells, promoting cell proliferation and 
migration [61]. These results suggest that these miRNAs may directly or indirectly regulate HIF1A, 
participating in the pathogenesis of IS. Additionally, bioinformatics analysis predicted multiple circRNA- 
miRNA-autophagy related mRNA regulatory relationship pairs. These findings offer a basis and guidance 
for further investigation into how circRNA, miRNA, and autophagy-related mRNA interact in IS.

However, this study still faces several unresolved limitations. Firstly, the expression data comes from 
multiple datasets, leading to challenges in overcoming heterogeneity across different platforms. 
Additionally, the sample sizes, particularly for circRNA (n = 3) and miRNA (n = 5) datasets, are relatively 
small, which may affect the reliability and generalizability of the analysis. Specifically, a small sample size 
may lead to insufficient statistical power and an increased risk of false positives/false negatives, directly 
affecting the accuracy and reproducibility of differentially expressed molecule screening. It may also result 
in representativeness bias, masking of population heterogeneity, and instability in network construction. 
However, considering its complementary role in multi-omics integration and its foundation for subsequent 
circular RNA-miRNA-mRNA ceRNA network prediction, we ultimately included it in the study. Thirdly, 
the clinical samples used for validation were collected from a single hospital and are limited in number (n =  
10), which may influence the interpretation and universality of the results. Single-hospital validation 
maximizes the regional and medical environment concentration of patient baseline characteristics but 
may also result in an unbalanced distribution of age and stroke severity. We fully recognize the limitations 
of single-center validation and plan to conduct future studies using larger-scale, multi-center blood samples. 
Finally, the potential mechanisms of circRNA and miRNA were predicted only through bioinformatics 
analysis and still require further validation regarding their autophagy regulation in IS. We plan to system
atically elucidate the molecular mechanisms of HIF1A, EIF2AK2, and HSPA5 in autophagy regulation and 
their functional involvement in the pathological process of ischemic stroke through the construction of 
in vitro cell models and in vivo animal experimental systems in the future.

Conclusion

In summary, through bioinformatics analysis, we identified key autophagy-related mRNAs in IS. These key 
mRNAs could be targets for early diagnosis and treatment of IS. Furthermore, we constructed a circRNA- 
miRNA-autophagy related mRNA network, which may be involved in regulating the onset and progression 
of IS. Our findings provide new directions for molecular mechanism research, whose clinical applications 
require further experimental confirmation.
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