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Abstract
Hypoxia-inducible factor-1α (HIF-1α) is a key regulator of cellular responses to hypoxia. This study
examined the effects of HIF-1α knockdown on cell viability and oxidative stress in human brain
microvascular endothelial cells and explored a putative HIF1A-AS2/miR-27a-3p/HIF1A regulatory
relationship. Public stroke-related transcriptomic datasets were analyzed, and hCMEC/D3 cells were
subjected to oxygen–glucose deprivation (OGD). Lentiviral HIF-1α knockdown was assessed by reverse
transcription–quantitative PCR (RT-qPCR) and western blotting. Cell Counting Kit-8 (CCK-8) signals,
reactive oxygen species (ROS), and malondialdehyde (MDA) were measured. Protein interaction and
enrichment analyses were combined with regulatory-network prediction and dual-luciferase reporter
assays. HIF1A expression was elevated in the analyzed stroke-related datasets, and OGD increased HIF-
1α expression in hCMEC/D3 cells. HIF-1α knockdown increased CCK-8 signals under OGD; however, MDA
levels were higher in the shHIF-1α + OGD group than in the Control + OGD group. OGD increased ROS
levels in both control and HIF-1α-knockdown cells. Reporter assays supported sequence-dependent
interactions of miR-27a-3p with HIF1A-AS2 and HIF1A reporter constructs. These findings indicate that
increased CCK-8 signals following HIF-1α knockdown coexist with increased MDA under OGD, rather
than demonstrating uniform protection against oxidative injury. The reporter results suggest a potential
regulatory relationship, but its contribution to the cellular phenotype requires functional rescue
experiments. The divergent endpoints also warrant independent assessment of cell survival and lipid
peroxidation before a protective role is assigned to HIF-1α knockdown.

1. Introduction
Globally, stroke is the second leading cause of death and the third leading cause of morbidity and
mortality [1]. The economic systematic review of IS shows that the global average annual expenditure
per IS patient is $27,702, while the lifetime average expenditure is $67,900 [2]. They are roughly divided
into ischemic stroke and hemorrhagic stroke according to the type of injury (vascular occlusion or
rupture). During the pathogenesis of stroke, the body activates complex molecular and cellular
mechanisms through cascade reactions [3, 4].

Hypoxia-inducible factor-1 (HIF-1) is one of the important regulatory proteins expressed in cells after
hypoxia, which controls the expression of more than 700 target genes that mediate adaptive and
pathological processes, which have been found to be involved in the pathophysiology of many
neurological diseases, especially IS [5]. HIF1 is a heterodimer consisting of one β subunit (HIF-1β, also
called ARNT) and one of three α subunits (HIF-1α, HIF-2α, or HIF-3α) [6]. HIF-1β exists stably in the
cytoplasm or nucleus and plays a structural role; HIF-1α exists in the cytoplasm and is the active subunit
of HIF1, which is a key molecule in response to hypoxic stress. Under the trigger of oxygen homeostasis
imbalance, HIF-1α achieves nuclear translocation through dynamic regulation of ubiquitination-
deubiquitination, and forms a heterodimeric complex with structurally expressed HIF-1β. The
transcription factor accurately recognizes the hypoxia response element (HRE) on the target genomic
DNA through its basic helix-loop-helix domain, cooperates with histone-modifying enzymes and co-
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activators, constructs a multi-dimensional gene expression regulatory network, and finally realizes a
spatiotemporal-specific regulatory program for angiogenesis, glycolysis and cell survival. Hypoxia is the
most important physiological regulator of HIF-1α expression. Under normal oxygen saturation, the
expression of HIF-1α is basically undetectable. HIF-1α stably exists in the cytoplasm when oxygen
concentration decreases [7]. Therefore, it is of practical value to explore the expression changes of HIF-
1α in ischemic stroke and the related mechanism of regulating HIF-1α expression in how to improve the
prognosis of ischemic stroke.

lncRNA has the function of regulating the expression of target genes after binding to miRNA. Studies
have shown that: A regulatory network can be formed among lncRNA, miRNA and mRNA, namely:
lncRNA-miRNA-mRNA, specifically, lncRNA is adsorbed onto miRNA to regulate miRNA expression, and
then miRNA binds to the promoter region of mRNA to affect mRNA expression [8]. The results of clinical
studies in patients with ischemic stroke show that the content of lncHIF1A-AS2 in peripheral blood of
patients with ischemic stroke increases, which leads to the increase of HIF-1α expression; After effective
treatment, the content of lncHIF1A-AS2 decreases, which leads to the decrease of HIF-1α expression,
thus promoting angiogenesis and obtaining a better prognosis [9]. There is a regulatory effect between
lncRNA and mRNA [10, 11]. There may be miRNA between lncHIF1A-AS2 and HIF-1α as an intermediate
molecular substance involved or mediated the regulation of HIF-1α expression by lncHIF1A-AS2.

miRNA is a kind of endogenous short-stranded non-coding RNA with a sequence of about 19–25
nucleotides in length. It binds to target genes for post-transcriptional regulation and plays a role in gene
silencing or inhibiting translation. Our previous studies have found that five miRNAs, including miR-27a-
3p, can be used as molecular markers for diagnosis and molecular targets for treatment of ischemic
cerebral infarction [12]. The miR-27 family includes miR-27a and miR-27b, and miR-27a in turn includes
miR-27a-3p and miR-27a-5p, both located on human chromosome 17. They are involved in
tumorigenesis, cell proliferation, apoptosis, invasion, metastasis and angiogenesis, and are molecular
markers and potential therapeutic targets of tumors [13]. In the study of cultured cerebral microvascular
endothelial cells, miR-27a-3p has been found to interact with related signaling pathways to mediate
cerebral vascular integrity and repair [14]. The abnormal expression of miR-27a-3p in peripheral blood of
stroke patients can aggravate brain tissue damage and neuroinflammation, thus increasing the area of
necrosis [15]. In rat MCAO model and cell experimental studies, miR-27a-3p was found to be involved in
ischemia-hypoxia injury through inflammatory response and apoptosis [16]. In vivo and in vitro studies
have shown that miR-27a-3p is involved in the maintenance of blood brain barrier (BBB) permeability [17,
18]. Bioinformation analysis showed that miR-27a-3p is one of the target miRNAs regulated by lncHIF1A-
AS2 [10, 11]. All the above studies have shown that the lncRNA-miRNA-mRNA pathway is involved in
various physiological or pathophysiological conditions, so the lncRNA-miRNA-mRNA pathway may also
exist in ischemic cerebral infarction.

Therefore, the purpose of this study is to explore the expression changes of HIF-1α in ischemic stroke
and the related mechanism of regulating HIF-1α expression, which has certain practical value in how to
improve the prognosis of ischemic stroke.
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2. Materials and Methods

2.1 Data acquisition and processing of gene expression
A search was performed in the NCBI's Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) using the keywords "ischemic stroke" and "Homo sapiens" or
"MCAO" and “Rattus norvegicus”, after screening, GSE16561, GSE58294, and GSE22255 were used as
training data sets. The datasets are listed in Table 1. Pooling the datasets within each group and
principal component analysis of the pooled training datasets utilizing the "ggplot2" package in R (version
4.2.1) (principal component analysis, PCA); consistency was ensured and any potential bias was
eliminated, and the expression of HIF-1α in the ischemic stroke and control groups was verified using the
Wilcoxon rank sum test in R.

Table 1
GEO dataset information

GEO accession Platform Country Year Healthy controls (n) Stroke patients (n)

GSE16561 GPL6883 USA 2010 24 39

GSE58294 GPL570 USA 2014 23 69

GSE22255 GPL570 Portugal 2011 20 20

GSE37587 GPL6883 USA 2015 0 34

GSE25414 GPL570 Spain 2010 12 0

GSE119121 GPL6247 Belgium 2018 7 40

Note: only GSE16561, GSE58294 and GSE22255 were used as training datasets in the present study

2.2 Group difference analysis and co-expression analysis
Differentially expressed genes between the ischemic stroke group and the normal control in the training
group were detected using the R package "limma" of BiocManager. The filter criteria were set to adjusted
p < 0.05 and log fold change (FC) > 0.58. The heatmap was created using the R software "heatmap"
package, and the samples in the training set were divided into high and low expression groups, and the
results were visualized. Co-expression analysis of related genes was performed using the "corrplot"
package.

2.3 Construction of HIF-1α-related protein interaction and
functional enrichment analysis
The PPI network of HIF-1α-related proteins was established in the STRING database
(https://cn.string116db.org/). Gene Ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analyses were performed on genes associated with HIF-1α using R (4.2. 1) version
"ggplot2" package and the results were visualized.
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2.4 Cell culture and construction of OGD model
Human cerebrovascular endothelial cell line (hCMEC/D3) was purchased from Hunan Fenghui
Biotechnology (Hunan, China), cells were cultured in RPMI-1640 basal medium containing 10% fetal
bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine. The incubation
process was carried out in 5% CO2, 37 ℃ constant temperature humidification incubator. The cells were

placed in 1% FBS medium, cultured for 12h according to the above conditions, and then the cells in the
logarithmic growth phase were taken for OGD modeling. Modeling conditions were placed in sugar-free
low serum (1%FBS) medium, OGD injury was induced by incubation in a humidified incubator exposed to
37°C under hypoxic conditions (92% N2, 5% CO2, 3% O2) for 2 h. Cells cultured under conventional
culture conditions were used as blank Control group (Control).

2.5 Cell transfection
The hCMEC/D3 cells in the logarithmic growth phase were seeded into 12-well plates according to 1 ×
105 cells per well, and the cell adherence and growth were observed 24h later. When the degree of cell
confluence reaches about 50%, knockdown HIF-1α lentivirus infection can be performed. The lentivirus
(mdl company) was removed from the refrigerator at − 80°C and melted on ice. The original medium was
aspirated and the volume of virus was calculated based on 100 PFU per cell, Add 1ml of complete
medium, corresponding virus volume and 1µl of Polybrene, mix well and transfer to incubator for culture,
after 24 hours, the virus solution was aspirated, and then complete culture medium was added to
continue culture for 24 hours. Add proper amount of puromycin to screen until there is no obvious cell
death. Observe the fluorescence effect, take photos and record the experimental results.

2.6 Real-time fluorescence quantitative PCR (RT-qPCR)
When the cell growth reaches more than 85%, the original culture medium in the six-well plate is
aspirated. Washing was performed once with PBS buffer and 800 µl TRIzol was added per well, Let stand
at room temperature for 5 minutes. Use a 200µl pipette to gently pipet along the well wall at multiple
angles (to avoid bubbles), After the solution is homogeneous, the lysate is transferred to a 1.5 ml RNase-
free EP tube of. 160µl chloroform per 800µl TRIzol as per kit manual. RNA concentration was determined
using an ultramicro ultraviolet spectrophotometer. RNase-free centrifuge tube is used to configure the
reverse transcription reaction system mixture and add it to the centrifuge tube 5 × SweScript All-in-One
SuperMix for qPCR 2 µl, gDNA Remover 0.5 µl, Total RNA 0.1 ng-5 µg/10 pg-0. 5 µg (x), Nuclease-Free
Water (10-2.5-x) µl, Total volume 10 µl. After thoroughly mixing, heat at 25°C for 5 minutes, 42°C for 30
minutes, and 85°C for 5 seconds, then add 140 µl of DEPC water and mix well for later use.

The RT-qPCR reaction system was configured in the qPCR test tube: 4 µl of template, 10 µl of 2 × SYBR
Green qPCR Master Mix, 1 µl of upstream primer and downstream primer, 5 µl of deionized water, and 20
µl of total reaction system. Samples were loaded in groups, and the experiment was started using a
qPCR instrument: (a) the temperature was 95°C, and the pre-denaturation was performed for 1 min (one
cycle); (b) Temperature 95°C, denaturation for 10 seconds (40 cycles); (c) The temperature is 60°C,
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annealing for 30 seconds (40 cycles), and fluorescence signal is collected at 60°C; After the experiment,
the standard curve and dissolution curve were observed, and the experimental results were derived. The
expression level of gene RNA was analyzed by 2-ΔΔCt method. The amplification primers of the target
genes are shown in Table 2. The experiment was repeated 3 times. GAPDH was used as an internal
reference.

Table 2
HIF-1α and GAPDH primer sequences

Primer Species Direction Sequence (5′→3′)

HIF-1α Human Upstream 5’- GAACGTCGAAAAGAAAAGTCTCG − 3’

    Downstream 5’- CCTTATCAAGATGCGAACTCACA − 3’

GAPDH Human Upstream 5’- GGAGCGAGATCCCTCCAAAAT-3’

    Downstream 5’- GGCTGTTGTCATACTTCTCATGG-3’

2.7 CCK-8 detection of cell viability
Follow the instructions of the CCK-8 kit (Servicebio, China). Cells from Control group and HIF-1α group
were collected and seeded in 96-well plates at 8 × 103 cells/well, and the time and name of cells per well
were marked at the corresponding positions. Each group was provided with 3 repeated holes. The cells
were incubated at 37 ℃, 5% CO2 incubator and 37 ℃ anoxic conditions (92% N2, 5% CO2, 3% O2)
according to the requirements of the experiment. After that, CCK-8 kit was used to detect cell viability
and proliferation ability. The absorbance of Control, Control + OGD, and shHIF-1α + OGD cells at 450nm at
five time points of 0h, 1h, 2h, 3h, and 4h was detected by cell microwell reading instrument (3 wells
replicated for each concentration). The mean ± SD is used to represent the results.

2.8 ROS content detection
The detection of reactive oxygen species (ROS) was performed according to the instructions of the kit
(Solarbio, China): DCFH-DA was diluted with serum-free medium at a ratio of 1: 1000 to achieve a final
concentration of 10 µmol/L. Remove the cell culture medium and add an appropriate volume of diluted
DCFH-DA. 1 ml of diluted DCFH-DA was added to one well of the six-well plate. Incubate in a cell
incubator at 37°C for 20 min. The cells were washed three times with serum-free cell culture broth to
sufficiently remove DCFH-DA that did not enter the cells. Direct observation with a fluorescence
microscope.

2.9 Detection of MDA content with kit
The level of lipid oxidation can be detected by detecting the level of MDA. Follow the instructions of
Malondialdehyde Detection Kit (Solarbio, China) as follows: Collect cells into centrifuge tubes and
discard supernatant after centrifugation; Add 1ml of extract solution per 5 million cells, disrupt the cells
by ultrasonic ultrasound, centrifuge at 4 ℃, take the supernatant, and place it on ice for measurement.
The mixed solution was kept in a 100°C water bath for 60 minutes, then cooled in an ice bath, 10,000 g,
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at room temperature, and centrifuged for 10 minutes. 200 µl of the supernatant was aspirated into a 96-
well plate and the absorbance of each sample at 532 nm and 600 nm was measured to calculate the
MDA content.

2.10 Western blotting
Total proteins from cells were extracted using RIPA lysis buffer and 1% PMSF added to protease inhibitor
cocktail. Protein concentration was measured using the BCA protein assay kit. According to the
experimental requirements, 8% PAGE gel was prepared. Equal amounts of sample proteins were loaded
onto SDS-PAGE gels, separated by electrophoresis, and then transferred onto PVDF membranes. After
sealing with 5% skim milk for 2 hours at room temperature, it was washed 3 times with TBST buffer for 5
minutes. The target protein was incubated with the corresponding primary antibody (Immunoway;
America; 1: 1000) overnight at 4°C and then incubated with skim milk containing the secondary antibody
(Solarbio; China; 1: 10000) at the concentration described above for 2 h. Immune signals were detected
using electrochemiluminescence, ECL using Western Blot Reagent Pack (Bio-Rad, Hercules, Calif.) and
Fusion Solo imaging system (Germany). ImageJ analysis software was used to quantify gray values (n = 
3).

2.11 Constructing a CeRNA regulatory network related to
HIF-1α
The lncRNA-miRNA regulatory relationships were first determined using the DIANA-LncBase (v2)
database. thresholds > = 0.715 as the standard. The top 30 lncRNA-miRNA regulatory relationships were
selected according to the thresholds value. Secondly, the miRNA-mRNA regulatory relationships were
determined using the miRTarBase database, and the top 30 miRNA-mRNA regulatory relationships were
selected after sorting from high according to the evidence validity of the validation method. Finally,
cytoscape was used to construct an lncRNA-miRNA-mRNA regulatory network.

2.12 Studies on pSICHECK2-lncHIF1A-AS2 and miR-27a-
3p regulatory networks with dual luciferase reporter
system
The cloning sites of psicheck2-HIF-1α-WT, psicheck2-HIF1A-Mut, psicheck2-HIF-1α-AS2-Mut1 and
psicheck2-HIF-1α-AS2-WT were constructed as Xho �, and the corresponding sequences were
synthesized by chemical synthesis.

2.13 Statistical analysis
ImageJ software calculated the gray value of Western Blot bands, and analyzed the relative expression
of Western Blot experimental protein bands. The experimental data were analyzed and plotted using
GraphPad Prism 9.5.1. Data were obtained from at least 3 replicates of all experiments. The independent
sample T-test was used to compare the differences between the two groups. One-way ANOVA was used
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to analyze differences between groups. Mean ± standard deviation (SD) is shown in this study. The
difference was statistically significant with P < 0.05.

2.14 Use of AI-assisted tools
ChatGPT (OpenAI) was used to assist with revision of the title, abstract, and discussion and with
manuscript formatting. This use did not include generation of experimental data or scientific images.

3. Results

3.1 Differential expression of HIF-1α at mRNA level
The mRNA data of IS-related dataset GSE16561 was downloaded from GEO database, and the
expression of HIF-1α in ischemic stroke group and control group was analyzed. The results showed that
the expression of HIF-1α was elevated in the ischemic stroke group, see Fig. 1.

3.2 Construction of PPI protein network associated with HIF-1α gene, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

The PPI network associated with the HIF-1α gene was constructed using the STRING online tool, as
shown in Fig. 2a. GO and KEGG investigated the related mechanisms of HIF-1α in ischemic stroke. GO
analysis found that BP was mainly enriched in response to decreased oxygen levels, in response to
hypoxia, and in response to oxygen levels. CC is mainly a transcriptional regulatory complex, a protein
acetyltransferase complex, and a histone acetyltransferase complex. MF is mainly DNA-binding
transcription factor binding, RNA polymerase II-specific DNA-binding transcription factor binding, p53
binding. KEGG revealed a focus on renal cell carcinoma, HIF-1 signaling pathway, prostate cancer. See
Fig. 2b.

3.3 HIF-1α-related regulatory networks
lncHIF1A-AS2 adsorbed onto miR-27a-3p as a molecular sponge to regulate the expression of miR-27a-
3p; miR-27a-3p regulates the expression of HIF-1α upon binding to HIF-1α (Fig. 3).

3.4 Infection with silent HIF-1α lentivirus
After shHIF-1α lentivirus infected hCMEC/D3 cells, the total RNA of shHIF-1α group and negative control
group were extracted and reverse transcribed into cDNA, RT-qPCR and WB assay were used to detect the
expression level of HIF-1α in each group. As shown in Fig. 4a, the expression level of HIF-1α mRNA in the
shHIF-1α group was reduced (P = 0.0036). And was further verified at the protein level, As shown in
Fig. 4b, the protein expression of HIF-1α in the shHIF-1α group decreased, And all the above experiments
were statistically significant (P = 0.0038). It is suggested that lentiviral infection of hCMEC/D3 is
successful.
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3.5 HIF-1α knockdown increases CCK-8 signals after OGD
After inoculation, the growth density of cells reached about 50%. At this time point as 0h, the glucose
and oxygen deprivation experiment was carried out, and the OGD time was 2h. Microscopic observation
and CCK-8 experiment were performed at 0h, 1h, 2h, 3h and 4h, respectively, the results showed that the
cell state under the microscope was displayed with 3h as a representative, the cell density was greater in
the Control group and lower in the other two groups (Fig. 5a), Cell viability was significantly inhibited at
the onset of OGD 2 h, whereas cell viability increased in the shHIF-1α + OGD group (Fig. 5B).

3.6 RT-qPCR and WB test were used to detect the
expression of HIF-1α in each group
After shHIF-1α lentivirus infection of hCMEC/D3 cells, the total RNA of hCMEC/D3 cells in Control group,
Control + OGD group, shHIF-1α group and shHIF-1α + OGD group were extracted respectively, after
reverse transcription into cDNA. RT-qPCR and WB assay were used to detect the mRNA and protein
expression levels of HIF-1α in each group, respectively. As shown in Fig. 6, the expression level of HIF-1α
is affected by OGD, and the expression level is elevated after OGD.

3.7 Effect of silencing HIF-1α on the expression of ROS and MDA in hCMEC/D3 cells of OGD model

To further evaluate the effect of silencing HIF-1α in hCMEC/D3 cell OGD model, we illustrated by
detecting the content of ROS and MDA. The experiment was performed according to the instructions of
the kit, and the morphology showed the variation of ROS between different groups (Fig. 7a). The
expression levels of ROS in different experimental groups were detected. It was found that the content of
ROS in shHIF-1α + OGD group was higher than that in shHIF-1α group, and the content of ROS in Control 
+ OGD group was also higher than that in Control group (Fig. 7b). Compared with the Control group, the
MDA content in the Control + OGD group cells was elevated, and the shHIF-1α + OGD group MDA content
was also elevated relative to the Control + OGD group. This suggests that OGD elevates lipid oxidation
levels of cells (Fig. 7C).

3.8 Dual luciferase experiments predict the interaction
between pSICHECK2-lncHIF1A-AS2 and miR-27a-3p
Dual luciferase assay was used to detect and analyze the interaction between pSICHECK2-lncHIF1A-
AS2-WT1/2 and miR-27a-3p. The experimental results showed that after co-transfection of pSICHECK2-
lncHIF1A-AS2-WT1/2 and miR-27a-3p mimics, the luciferase activity was significantly reduced, as shown
in Fig. 8a. After co-transfection of pSICHECK2-HIF-1α-WT with miR-27a-3p mimics (mimics), luciferase
activity was significantly reduced, see Fig. 8b.

4. Discussion
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Hypoxia caused by impaired cerebral blood flow contributes to metabolic dysfunction and cellular injury
during ischemic stroke. In this study, HIF-1α knockdown was associated with increased CCK-8 signals in
OGD-treated hCMEC/D3 cells, but this change was accompanied by higher MDA levels than in the
Control + OGD group. These findings reveal divergent responses of the CCK-8 readout and the lipid
peroxidation marker and do not support a uniform antioxidant or cytoprotective effect of HIF-1α
knockdown. The bioinformatic and reporter analyses additionally suggest a putative HIF1A-AS2/miR-
27a-3p/HIF1A regulatory relationship, although its causal contribution to these cellular responses
remains unestablished.

Hypoxia-inducible factor 1 (HIF1) is a transcription factor that plays an important regulatory role in
oxygen homeostasis by controlling the transfer and utilization of oxygen [19]. Bioinformatics studies
have found that the expression of HIF-1α in IS is differential and highly expressed in IS patients. It plays a
wide range of roles in the pathophysiology of stroke by regulating multiple pathways, including glucose
metabolism, angiogenesis, neuronal survival, neuroinflammation, and blood-brain barrier regulation [20].
At normal oxygen levels, most of the molecular oxygen delivered to the cell is used to produce adenosine
triphosphate (ATP) through mitochondrial oxidative phosphorylation, thereby meeting cellular metabolic
needs. Thereafter, prolyl hydroxylase (PHD) promotes HIF degradation, resulting in inhibition of HIF
transcriptional activity, thus reducing the expression of HIF-1α mRNA and protein. In hypoxia, almost all
oxygen molecules are used by mitochondria, resulting in the inhibition of hydroxylase. Stable HIF-1α
forms a dimer with HIF-1β, resulting in increased transcriptional expression of HIF-dependent genes and
thus HIF-1α mRNA and protein [21]. The expression of HIF-1α mRNA in the spatial and temporal regions
was induced at 7.5h after ischemia in the infarcted brain and further increased at 19 and 24h after
ischemia [20]. Another study reported that in a mouse model of permanent middle cerebral artery
occlusion (pMCAO) model, HIF-1α mRNA in the periinfarct region peaked at 24h after ischemia [22]. At
the cellular level, we studied that hCMEC/D3 cells treated with OGD for 2h, and the expression level of
HIF-1α was elevated. Rodent studies have shown that regulation of HIF-1α expression has a good effect
in the treatment of ischemic stroke, but the intrinsic regulation of HIF-1α expression in vivo is a complex
process [23]. After HIF-1α knockdown, CCK-8 signals increased under OGD. Because this assay reflects
cellular metabolic activity, the increase alone cannot establish enhanced proliferation or an overall
protective effect, particularly in the presence of higher MDA levels. In the OGD study of cultured
cardiomyocytes in vitro, the content of HIF-1α in the supernatant of cultured cardiomyocytes increased
after oxygen deprivation [24]; Moreover, in endothelial cells, HIF-1α protein expression increased during
acute hypoxia [25].

Some conclusive evidence suggests that low blood flow during IS triggers some reactions that produce
free radicals (marked by elevated MDA) and damage DNA [26]. Malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE) are the most commonly used biomarkers of oxidative stress, i.e. lipid
peroxidation [27]. MDA is a key marker of cell membrane oxidation and represents a mechanism of brain
damage that occurs throughout ischemic stroke cascade [28]. In the present study, MDA levels were
higher in the shHIF-1α + OGD group than in the Control + OGD group, as reported in Section 3.7 and
shown in Fig. 7c. Thus, the MDA findings do not support attenuation of lipid peroxidation by HIF-1α
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knockdown under the tested OGD conditions. The coexistence of increased CCK-8 signals and higher
MDA indicates that the two endpoints did not change in a uniformly protective direction. A possible
explanation is that changes in cellular metabolic activity do not necessarily track changes in lipid
peroxidation; however, this explanation was not directly tested. Independent measurements of cell
number, cell death, and lipid peroxidation are needed to clarify the biological significance of these
divergent responses.

It has been reported in the literature that IS leads to oxidative stress through the production of excessive
reactive oxygen species and other substances, which is a complication of cerebral ischemia-reperfusion
injury (IRI) and can activate matrix metalloproteinases, leading to the degradation of extracellular matrix
and altered BBB permeability [29]. The main reason is the imbalance between the excessive production
of ROS and the intrinsic antioxidant capacity, which leads to pathological progression of ischemic brain
injury and causes oxidative damage [26]. ROS usually promotes acute brain damage after stroke has
been a leading cause of death worldwide [30, 31]. A growing body of studies has highlighted the close
link between excess ROS production and stroke-induced inflammatory responses [32]. Ischemic stroke
generates an immune response that leads to neuronal loss and tissue repair, a complex process that
involves a range of cell types and effector molecules and affects tissues outside the central nervous
system [33]. Inflammation plays an important role in the exacerbation of ischemic stroke and other
diseases, and its targeted therapy is considered to be an effective method to reduce injury [34–36].
Appropriate termination of cell death-induced neuroinflammation is a prerequisite for tissue repair in AIS
[37]. Previous studies have found that HIF-1α gene is closely related to ROS production and oxidative
stress. Ischemia and reperfusion induce a large number of ROS production, which is the core
pathological cause of irreversible damage to the infarct core and surrounding viable penumbra in
ischemic hemisphere [38, 39]. ROS is a unifying mechanism of many pathophysiological processes,
capable of destroying DNA and causing peroxidation of unsaturated fatty acids in the cell membrane,
thus changing the integrity of cells [40]. Silencing HIF-1α may alleviate inflammation and oxidative stress
in IS via the CXCR4/NF-κB pathway [41]. In the present cell experiments, OGD increased ROS levels
relative to the corresponding non-OGD conditions in both control and HIF-1α-knockdown cells. ROS was
not measured in patient samples in this study. The reported comparisons do not establish a consistent
reduction in OGD-associated oxidative stress following HIF-1α knockdown, and the increase in MDA
further argues against a general antioxidant interpretation. Differences from earlier studies should
therefore be considered in relation to the experimental model, exposure conditions, and measured
endpoints, without assuming a common protective mechanism.

The ceRNA hypothesis reveals a novel mechanism of RNA interaction, representing a novel gene
expression regulation mode, and the regulatory network is more elaborate and complex, involving
multiple types of RNA molecules, including mRNA, pseudogene transcripts, lncRNA, and circRNA [42,
43]. miRNAs are small non-coding RNA molecules that regulate gene expression by affecting mRNA
stability or translation efficiency [44]. Involved in multiple mechanisms of stroke pathophysiology and
recovery including apoptosis, inflammation, angiogenesis, oxidative stress, ischemia, and blood-brain
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barrier dysfunction [45]. lncRNA and circRNA can act as competitive endogenous RNA (ceRNA),
attenuating the inhibition of targeted messenger RNA (mRNA) by microRNA (miRNA) [46] .

In the study of ischemic cerebral infarction, it was found that lncHIF1A-AS2 must bind to miRNA before it
can regulate HIF-1α expression [47]; In cultured HUVECs cells, lncHIF1A-AS2 binds to miR-153-3p as a
molecular sponge to regulate HIF-1α expression [48]; Inhibition of lncHIF1A-AS2 can protect against
damage due to atherosclerosis [12] ; Knockdown of lncHIF1A-AS2 can protect cardiac injury caused by
ischemia and hypoxia [24]; lncHIF1A-AS2 has the function of regulating target gene expression after
binding to miRNA [48]. Previous studies have found that five miRNAs, including miR-27a-3p, can be used
as molecular markers for diagnosis of ischemic cerebral infarction and molecular targets for treatment
of ischemic cerebral infarction [49]. In addition, in the OGD model of cultured H9C2 cells, it was found
that lncRNA-BNIP3 binds to miR-27a-3p in the form of molecular sponge, and regulates the expression
of target genes to mediate hypoxia-induced injury [50]; It is consistent with the results of dual luciferase
experiment.

This study has several limitations. First, the functional experiments were performed in a single
endothelial cell line without in vivo validation. Second, CCK-8 measurements alone cannot distinguish
changes in cell number from changes in cellular metabolic activity and are insufficient to establish
enhanced proliferation. Third, the divergent CCK-8 and MDA responses preclude a definitive conclusion
that HIF-1α knockdown protects against OGD-induced injury. Additional cell-death assays and
independent lipid peroxidation measurements are required. Finally, the reporter assays do not establish
that an endogenous HIF1A-AS2/miR-27a-3p/HIF1A axis mediates these effects; coordinated expression
analyses and functional rescue experiments are needed to test this proposed mechanism.

5. Conclusion
HIF-1α knockdown was associated with increased CCK-8 signals but higher MDA levels in OGD-treated
hCMEC/D3 cells. The findings therefore indicate divergent effects on the metabolic viability readout and
lipid peroxidation, rather than a demonstrated reduction in oxidative injury. The reporter assays support
putative interactions involving HIF1A-AS2, miR-27a-3p, and HIF1A, but their role in the observed
phenotype remains to be established. These results support further investigation of the context-
dependent effects of HIF-1α in brain endothelial responses to oxygen–glucose deprivation.
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Figures

Figure 1

Differential expression of HIF-1α in ischemic stroke group and control group in GEO database (a) Homo
sapiens (b) Rattus norvegicus *** P < 0.001, ** P < 0.01
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Figure 2

(a) PPI protein interaction network diagram related to the target gene HIF-1α; (b) GO and KEGG
enrichment analysis for further analysis of proteins associated with the HIF-1α gene. BP: Biological
processes. CC: Cellular component. MF: molecular function

Figure 3

Mechanism of miR-27a-3p/HIF-1α pathway mediated by lncHIF1A-AS2 in ischemic cerebral infarction.
(a) Role of the lncHIF1A-AS2/miR-27a-3p/HIF-1α pathway in ischemic stroke; (b) Mechanism of the
interaction between lncHIF1A-AS2, miR-27a-3p, HIF-1α
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Figure 4

Expression of HIF-1α in hCMEC/D3 cells in two groups. (a) RT-qPCR detection of the mRNA expression
level of HIF-1α in the Control and shHIF1-α groups; (b) Western Blot assay was used to detect the
expression level of HIF-1α protein in Control group and shHIF1-α group

Figure 5

Effect of HIF-1α knockdown on cell morphology and CCK-8 signals. (a) Observation under 3h light
microscope. (b) CCK-8 analysis of hCMEC/D3 cells in different experimental groups****P<0.0001,vs.
Control+ OGD; #P=0.0119, vs. shHIF-1α+ OGD; ^^^^P<0.0001,vs. Control+ OGD; △△△△P<0.0001,vs.
shHIF-1α+ OGD; ○P=0.0439,vs. shHIF-1α+ OGD;

P<0.0001,vs. Control+ OGD; &&&&P<0.0001,vs. shHIF-1α+ OGD
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Figure 6

Expression of HIF-1α in different experimental groups. (a) RT-qPCR was used to detect the expression
level of HIF-1α mRNA in hCMEC/D3 cells in the Control group and the Control + OGD group; (b) RT-qPCR
was used to detect the expression level of HIF-1α mRNA in hCMEC/D3 cells in the Control + OGD group
and the shHIF-1α group; (c) Quantitative analysis of HIF-1α after OGD in different experimental groups
was detected by Western Blot experiment. ✱P=0.0275, vs. Control, #P=0.0152, vs. shHIF-1α
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Figure 7

The content of reactive oxygen species (ROS) and malondialdehyde (MDA) in different experimental
groups. (a) Morphology shows the changes of ROS among different groups (b) Analyze the content of
ROS according to the instructions of the kit for the results of Fig. 7a; (c) Content of MDA between
different groups.***P<0.001, vs.Control; ###P<0.001, vs. Control+OGD;

P<0.0001,vs. shHIF-1α
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Figure 8

Histogram of dual luciferase system detection. (a) Luciferase activity was significantly reduced after co-
transfection of pSICHECK2-lncHIF1A-AS2-WT1/2 with miR-27a-3p mimics (mimics). a represents
comparison with 1, 2, 3, 5, 6, 7, 9, 10, p < 0.0001, significant difference. b represents comparison with 1,
2, 3, 5, 6, 7, 9, 10, p < 0.0001, significant difference; (b) Luciferase activity was significantly reduced after
co-transfection of pSICHECK2-HIF-1α-WT with miR-27a-3p mimics (mimics). A represents comparison
with 1, 2, 4, 5, 6, p < 0.0001, significant difference
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