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INTRODUCTION 
 

The brain is the most sensitive organ for ischemia and 

hypoxia [1], and cerebral ischemia can lead to necrosis  

or apoptosis of the brain cells [2]. Timely thrombolysis 

 in the treatment time window and rapid and effective 

reconstruction of the collateral circulation of the 

microvessels to restore blood reperfusion in the ischemic 

region the and penumbra is the best treatment for 

 cerebral ischemia; however, blood flow after ischemia 

recanalization may lead to ischemia-reperfusion  

injury [3]. The principle of treatment for ischemic 

cerebrovascular disease is to restore blood perfusion in the 
ischemic area in time [4]. However, after reperfusion, the 

dysfunction and structural damage caused by ischemia are 

further aggravated, so inhibition of reperfusion injury has 
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ABSTRACT 
 

Purpose: The aim of this study was to investigate the role of the tumor necrosis factor and HNRNPL related 
immunoregulatory long non-coding RNA (THRIL) in cerebral ischemia-reperfusion injury. 
Methods: A rat middle cerebral artery occlusion/ischemia-reperfusion (MCAO/IR) model and an oxygen glucose 
deprivation/reoxygenation (OGD/R) cell model were constructed. THRIL was knocked down using siTHRIL. 
Neurological deficit score was detected based on the criteria of Zea-Longa. Brain region 2,3,5-
Triphenyltetrazolium (TTC) staining and quantitative analysis of cerebral infarction volume, RT-qPCR, and 
fluorescence immunostaining were performed for assessing THRIL expression. MTT assay was used to detect 
the cell proliferation ability after transfection, TUNEL assay was applied to detect apoptosis, and western blot 
and ELISA detected related protein expression. A dual luciferase reporter system and RIP assay were used to 
confirm the target relationship. 
Results: THRIL was upregulated in both in vitro and in vivo models of brain ischemia-reperfusion injury. 
Knockdown of THRIL attenuated OGD/R neuronal apoptosis and OGD/R-induced inflammation. THRIL targeted 
and regulated the expression of miR-24-3p/neuropilin-1 (NRP1) axis. THRIL silencing significantly improved the 
neurological functioning of rats in the MCAO/R model by miR-24-3p/NRP1/NF-κB p65 signaling pathway. 
Conclusion: THRIL could aggravate cerebral ischemia-reperfusion injury by competitively binding to miR-24-3p 
to promote the upregulation of NRP1 and further promoted the activation of the NF-κB p65 signaling pathway. 
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become an important part of treatment [5]. Recently, the 

treatment of cerebral ischemia-reperfusion injury has 

achieved a degree of progress, and many therapeutic 

targets have been identified. 

 

Tumor necrosis factor (TNF) and HNRNPL related 

immunoregulatory lncRNA (THRIL) is a novel long non-

coding (lnc) RNA that plays a key role in the regulation of 

TNF-α expression [6]. Overexpression of THRIL may 

aggravate HKS cell injury induced by lipopolysaccharide 

(LPS) through regulating the microRNA miR-34a 

expression, thereby preventing the degradation of MCP-1 

[7]. In addition, knockdown of THRIL participates in the 

progression of myocardial infarction by regulating miR-

99a to protect against hypoxia-induced H9C2 cell injury 

[8]. In osteoarthritis, THRIL promotes LPS-induced 

inflammatory damage by downregulating miRNA-125b in 

ATDC5 cells [9]. The expression of THRIL is increased 

in T cells of patients with rheumatoid arthritis, and 

THRIL plays a key role in adaptive immune cell 

differentiation and functions [10]. Liu et al. reported that 

LncRNA THRIL was upregulated in sepsis and sponged 

miR-19a to upregulate TNF-alpha expression, and 

promoted lung cell apoptosis [11]. These studies fully 

explain that THRIL plays a crucial role in cell apoptosis 

and inflammation. Through our preliminary experiments, 

we found that THRIL was up-regulated in vitro and in 
vivo models of brain ischemia-reperfusion injury. Thus, 

we focused on the role of THRIL in the apoptosis and 

inflammation during the tcerebral ischemia-reperfusion 

injury. Our aim of this study was to investigate the role 

and the molecular mechanism of THRIL in cerebral 

ischemia-reperfusion injury.  

 

Based on the role of THRIL in inflammation-related 

diseases, we first studied the role of THRIL in cerebral 

ischemia-reperfusion injury. The RNA22 prediction site 

(https://cm.jefferson.edu/rna22/Interactive/) predicted that 

THRIL could have a potential binding site with miR-24-

3p, and further experimental validation confirmed this 

targeting. As shown in previous studies, miR-24-3p 

inhibits the development of aortic vascular inflammation 

and mouse celiac aneurysm, and also reduces myocardial 

apoptosis and modulates the KEAP1-NRF2 pathway in 

ischemia-reperfusion injured rats [12]. Myocardial 

ischemia-reperfusion injury was reduced by inhibiting the 

expression of RIPK1 in rats [13, 14]. The above results 

showed that this could inhibit ischemia-reperfusion injury 

and inflammation. A study has also indicated that 

rosuvastatin reduces myocardial ischemia-reperfusion 

injury by downregulating hsa-miR-24-3p and targeting 

up-regulated decoupling protein 2 [15]. However, the role 

of miR-24-3p in cerebral ischemia-reperfusion injury is 
unclear. In this study, using online prediction tools, a total 

of 85 target genes that can combine with miR-24-3p were 

obtained. Among them, the target gene neuropilin-1 

(NRP1) is a direct target of the transcription factor E2F1 

in cerebral ischemia-induced neuronal death [16]. This 

target gene directly interacts with Fer kinase, mediates 

semaphorin 3a-induced cortical neuron death, and 

promotes cerebral ischemia-reperfusion injury [17]. NRP1 

has been confirmed to promote p65 signaling pathway 

activation [18]. Our study demonstrates that THRIL can 

aggravate cerebral ischemia-reperfusion injury by 

competitively binding to miR-24-3p to promote the 

upregulation of NRP1 expression and further promote the 

activation of the NF-κB p65 signaling pathway. 

 

RESULTS 
 

THRIL is upregulated in the in vitro and in vivo 

models of brain ischemia-reperfusion injury 

 

The neurological deficit score in the MCAO/R group 

was significantly higher than that in the sham group 

(Figure 1A). Moreover, the infarct ratio in the MCAO/R 

group was also higher than that in the control group 

(Figure 1B), which confirmed that the MCAO/IR rat 

model had been successfully constructed. Based on the 

results of the fluorescent immunostaining and RT-qPCR 

assays, there was greater expression of THRIL in the 

MCAO/R and OGD/R models (Figure 1C–1F, P < 

0.01). In addition, THRIL was mainly localized in the 

cytoplasm (Figure 1C, 1E). 

 

Knockdown of THRIL reduces apoptosis of OGD/R 

neurons 

 

Based on the transfection, the OGD/R neurons were 

divided into four groups: control, sh-NC, shTHRIL#1, 

and shTHRIL#2 groups and the transfection efficiency 

of shTHRIL#1 and shTHRIL#2 was quantified by RT-

qPCR. Both shTHRIL shRNAs significantly decreased 

the expression of THRIL compared to sh-NC group, 

which confirmed that the transfection was successful. In 

addition, shTHRIL#2 exhibited higher transfection 

efficiency than shTHRIL#1 (Figure 2A). Therefore, 

shTHRIL#2 was used for the subsequent experiments 

and named shTHRIL. The cell viability of OGD/R cells 

was significantly lower than that of the control (P < 

0.01). After transfection with shTHRIL, the viability of 

OGD/R cells increased (Figure 2B). Interestingly, 

TUNEL-positive cell numbers in the OGD/R and 

OGD/R+shNC groups were significantly greater than 

those in the control and OGD/R+shTHRIL groups 

(Figure 2C). Western blot analysis detected the 

expression of apoptosis-related proteins. Similarly, the 

expression of cleaved-caspase3 (CASP-3) and BAX 

was upregulated in the OGD/R and OGD/R+shNC 
groups, whereas shTHRIL caused a clear decrease in 

expression. The expression of Bcl-2 was negatively 

correlated with cleaved-CASP-3 and BAX (Figure 2D). 

https://cm.jefferson.edu/rna22/Interactive/
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Knockdown of THRIL reduces OGD/R-induced 

inflammation 

 

Transfection of shTHRIL was performed in human 

neuroblastoma SH-SY5Y cells, followed by the 

detection of the levels of IL-6, IL-1β, and TNFα. 

Based on the treatment, the cells were divided  

into the control, OGD/R, OGD/R+shNC, and 

OGD/R+shTHRIL groups. The concentrations of 

inflammatory factors, including IL-6, IL-1β, and 

TNFα, were significantly higher in the OGD/R and 

OGD/R+shNC groups (Figure 3A), whereas shTHRIL 

clearly decreased the levels of these factors. RT-qPCR 

results reflected this tendency (Figure 3B). 

 

THRIL targets and regulates the expression of miR-

24-3p 

 

To explore the regulatory mechanism involved, the 

binding site was predicted, as shown in Figure 4A. The 

fluorescence intensity of THRIL was measured using a 

dual luciferase reporter system. The fluorescence intensity 

of the pmirGLO-THRIL-wt+ miR-24-3p- mimic group 

decreased, and the luciferase intensity of the pmirGLO-

THRIL-mut group increased (Figure 4B). The amount of 

THRIL bound to Ago2 or IgG after the RIP experiment 

was examined. miR-24-3p was enriched by THRIL, 

indicating that THRIL binds to miR-24-3p (Figure 4C). 

RT-qPCR detected the expression levels of THRIL and 

miR-24-3p. As shown in Figure 4D, THRIL was 

overexpressed in SH-SY5Y cells. Overexpression of 

THRIL resulted in the downregulation of miR-24-3p 

expression, whereas knockdown of THRIL induced the 

upregulation of miR-24-3p expression (Figure 4E). RT-

qPCR analysis of the mRNA levels of miR-24-3p in 

MCAO and OGD/R models demonstrated that the relative 

miR-24-3p expression level was significantly lower in the 

MCAO and OGD/R models than that in the sham group 

(Figure 4F, 4G). 

 

NRP1 was the target of miR-24-3p 

 

Based on the forecasting website (miRDB, 

http://www.mirdb.org/; miRTargetLink Human, https:// 

ccb-web.cs.uni-saarland.de/mirtargetlink/network.Php 

?type=Target_Gene&qval=ITGA8; Targetscan, http:// 

www.targetscan.org/vert_71/; Starbase, http://starbase. 

sysu.edu.cn/starbase2/index.php), we predicted target 

 

 

Figure 1. LncRNA THRIL is up-regulated in vitro and in vivo models of brain I/R injury. (A) The neurological deficit score. (B) 

The infract ratio. (C) Fluorescent immunostaining assay was performed in vivo models. (D) RT-qPCR assay detected lncRNA THRIL 
expression in vivo models. (E) Fluorescent immunostaining assay in vitro model. (F) RT-qPCR assay detected lncRNA THRIL in vitro 
model. Data are shown as mean ± SD for three-independent experiments. **P < 0.01. 

http://www.mirdb.org/
https://ccb-web.cs.uni-saarland.de/mirtargetlink/network.Php?type=Target_Gene&qval=ITGA8
https://ccb-web.cs.uni-saarland.de/mirtargetlink/network.Php?type=Target_Gene&qval=ITGA8
https://ccb-web.cs.uni-saarland.de/mirtargetlink/network.Php?type=Target_Gene&qval=ITGA8
http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/
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genes that bind to miR-24-3p and obtained 85 target 

genes that can be bound. Among them, the target gene 

neuropilin-1 (NRP1) was a direct target of the 

transcription factor E2F1 in cerebral ischemia-induced 

neuronal death (Figure 5A). RT-qPCR showed that 

miR-24-3p transfection was successful (Figure 5B). A 

dual luciferase reporter system was used to detect the 

fluorescence intensity of the NRP1 3′-UTR. The relative

 

 

Figure 2. Knockdown of lncRNA THRIL reduces apoptosis of OGD/R neurons. (A) Transfection efficiency of shTHRIL. (B) Cell viability 

was examined by CCK-8. (C) The apoptosis of OGD/R was examined by TUNEL assay. (D) Western blot assay detected the expressions of 
cleaved caspase-3, Bcl-2, and Bax. Data are shown as mean ± SD for three-independent experiments. **P < 0.01. 
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luciferase activity of NRP1 in NC-mimic-WT was 

significantly lower than that in the four groups (Figure 

5C). Based on the transfection, the cells were divided 

into NC-mimic + pcDNA3.1-NC, miR-24-3p-mimic + 

pcDNA3.1-NC, miR-24-3p-mimic+ pcDNA3.1-THRIL, 

and NC-mimic + pcDNA3.1-NC-THRIL groups. The 

expression of NRP1 protein was detected by western 

blotting, which showed that miR-24-3p significantly 

decreased the expression of NRP1, whereas THRIL 

could reverse this effect. In addition, western blot 

analysis showed that the expression of NRP1 was 

significantly higher in the MCAO and OGD/R models 

than that in the control (Figure 5E, 5F). 

 

THRIL regulates NF-κB p65 signaling pathway 

through miR-24-3p and further regulates OGD/R-

induced neuronal apoptosis and inflammatory 

response 

 

To investigate the role of THRIL and miR-24-3p in 

neuronal apoptosis and inflammatory response, cells 

were transfected and divided into six groups: control, 

OGD/R, OGD/R+pcDNA3.1-NC, OGD/R+ pcDNA3.1-

THRIL, OGD/R+NC-mimic, and OGD/R+pcDNA3.1-

THRIL+miR-24-3p-mimic groups. Cellular activity, 

apoptosis, apoptotic protein, inflammatory factors (IL-6, 

IL-1β, and TNFα), and p65 protein expression were 

detected. The results showed that in the OGR/D model, 

the cell viability was significantly decreased in 

comparison to the control group, and THRIL further 

decreased the effect, whereas the miR-24-3p-mimic 

rescued this effect and increased the viability (Figure 

6A). The levels of inflammatory factors (IL-6, IL-1β, 

TNFα) were highest in the OGD/R+ pcDNA3.1-THRIL 

group, and miR-24-3p-mimic could also rescue the 

inflammatory effect of THRIL (Figure 6B); the RT-

qPCR assay showed the same tendency as the ELISA 

assay (Figure 6C). The TUNEL assay was used to 

detect the apoptotic cell ratio. Similarly, the TUNEL-

positive cell number was the largest in the OGD/R+ 

pcDNA3.1-THRIL group. miR-24-3p-mimic rescued 

this effect and decreased the number of apoptotic cells

 

 
 

Figure 3. Knockdown of lncRNA THRIL reduces OGD/R-induced inflammation. (A) ELISA assay for the concentration of 

inflammation factors, including IL-6, IL-1β and TNFα. (B) RT-qPCR detected the expressions of IL-6, IL-1β and TNFα. Data are shown as mean ± 
SD for three-independent experiments. **P < 0.01. 
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 (Figure 6D). Western blot analysis was used to detect 

the expression of inflammatory factors (IL-6, IL-1β, and 

TNFα) and p65 protein. The expression of CASP-3, the 

ratio of BAX/Bcl-2, and the relative p-p65/p65 

expression were significantly higher in the OGD/R+ 

pcDNA3.1-THRIL group, whereas miR-24-3p-mimic 

rescued this effect (Figure 6E, 6F). Therefore, THRIL 

regulates the NF-κB p65 signaling pathway through 

miR-24-3p, and further regulates OGD/R-induced 

neuronal apoptosis and inflammatory response. 

 

Silencing of THRIL significantly improved the 

neurological function of the rat MCAO/R model 

 

The MCAO/R rat model was divided into four groups: 

sham, MCAO/R, MCAO/R+sh control, and 

MCAO/R+sh THRIL groups. Nerve injury scoring, 

cerebral infarct size, western blot detection of apoptosis, 

and p65-associated protein were assessed for the above 

groups. As shown in Figure 7A, the neurological deficit 

score was significantly higher in the MCAO/R+sh 

control group, whereas silencing of THRIL significantly 

decreased this score. In addition, THRIL silencing 

significantly reduced the infract ratio in the MCAO/R 

model (Figure 7B). In the MCAO/R model, the relative 

protein expression levels of CASP-3, the ratio of 

BAX/Bcl-2, and p-p65/p65 were significantly 

increased, whereas silencing of THRIL decreased their 

expression (Figure 7C). Therefore, THRIL silencing 

significantly improved the neurological function of the 

rat MCAO/R model. 

 

DISCUSSION 
 

The incidence of ischemic cerebral vascular disease is 

increasing annually, and the mortality rate is as high as

 

 
 

Figure 4. LncRNA THRIL targets and regulates the expression of miR-24-3p. (A) The binding site was predicted. (B) The dual 
luciferase reporter assay was performed to verify the combination of THRIL and miR-24-3p. (C) RIP experiment was performed to prove the 
combination of THRIL and miR-24-3p. (D) RT-qPCR detected THRIL overexpression efficiency. (E) RT-qPCR detected the expression of miR-24-
3p in SH-SY5Y cells with THRIL knockdown or overexpression. (F) RT-qPCR detected the expression of miR-24-3p in OGD/R models. (G) RT-
qPCR detected mRNA levels of miR-24-3p in MCAO. Data are shown as mean ± SD for three-independent experiments. **P < 0.01. 
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60% to 80% [19]; survivors may also experience serious 

impacts on their quality of life [20]. In this study, we 

first investigated the role of THRIL in cerebral 

ischemia-reperfusion injury. We demonstrated that 

THRIL was upregulated in both in vitro and in vivo 

models of brain ischemia-reperfusion injury. 

Knockdown of THRIL attenuated OGD/R neuronal 

apoptosis and OGD/R-induced inflammation. We also 

showed that THRIL targeted and regulated the 

expression of miR-24-3p, and NRP1 was confirmed to 

be a target gene of miR-24-3p using online prediction 

tools and inflammation responses. Furthermore, THRIL 

regulated the NF-κB p65 signaling pathway through 

miR-24-3p to affect the OGD/R-induced neuronal 

apoptosis and inflammatory response. Silencing of 

THRIL significantly improved the neurological 

functioning of rats in the MCAO/R model. 

 

THRIL is an RNA gene, and is affiliated with the non-

coding RNA class [21]. In multiple sclerosis patients, 

THRIL has been closely related with Fas cell surface 

death receptor-antisense 1 (FAS-AS1), playing a key

 

 
 

Figure 5. NRP1 was the target of miR-24-3p. (A) The binding site of NRP1 and miR-24-3p. (B) RT-qPCR was used for detection of miR-24-
3p transfection efficiency. (C) The fluorescence intensity of NRP1 3'-UTR was detected by dual luciferase reporter assay. (D) Western blot 
detected the expression of NRP1. (E) The expression of NRP1 was significantly higher in MCAO model. (F) The expression of NRP1 was 
significantly higher in OGD/R model. Data are shown as mean ± SD for three-independent experiments. **P < 0.01.
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role in the regulation of immune responses [22]. In 

addition, THRIL has been confirmed to interact with 

hnRNPL, and then regulate the expression of TNF-α, a 

finding that may reflect a critical progress in our 

knowledge about the inflammatory and immune 

responses in humans [23]. Neutrophils have been shown 

to adhere to ischemic vascular endothelial cells when 

blood flow velocity is reduced during cerebral ischemia, 

initiating an acute inflammatory reaction [24]. After 

reperfusion, the blood carries neutrophils from other 

sites to the cerebral ischemic site where they 

accumulate [25]. This can impede brain micro-

circulation, causing effects such as brain edema and cell 

necrosis, which in turn could lead to cerebral infarction 

[26]. Microglia are considered to be potential 

macrophages in the brain and closely related to the 

inflammatory response of CIRI [27]. It can be activated 

a few minutes after cerebral ischemia and is converted 

into brain macrophages when brain cells appear to be 

apoptotic. Interestingly, downregulation of THRIL 

could decrease hypoxia-induced injury in rat cardio-

myocytes [28]. Similar results were obtained in this 

study, where THRIL was upregulated in models of 

brain ischemia-reperfusion injury, which was closely 

related to OGD/R-induced inflammation. Therefore, 

THRIL might improve brain ischemia-reperfusion 

injury by participating in inflammation.  

 

Notably, THRIL could inhibit the expression of miR-

24-3p in this study. As reported in previous studies, 

miR-24-3p could regulate the expression of MXI1 and 

improve the proliferation of glioma cells [29, 30]. More 

importantly, in this study, THRIL promoted the 

upregulation of NRP1 by competitively binding miR-

24-3p. NRP1 has been shown to play an important role 

in axonal growth and neuronal death induced by

 

 
 

Figure 6. LncRNA THRIL regulates NF-κB p65 signaling pathway through miR-24-3p, and further regulates OGD/R-induced 
neuronal apoptosis and inflammatory response. (A) SH-SY5Y cells were transfected and divided into six groups: control, OGD/R, 
OGD/R+pcDNA3.1-NC, OGD/R+pcDNA3.1-THRIL, OGD/R+NC-mimic, and OGD/R+pcDNA3.1-THRIL+miR-24-3p-mimic groups. (A) Cellular 
activity was identified by CCK-8. (B) The concentrations of inflammatory factors (IL-6, IL-1β, TNFα) were examined by ELISA. (C) The 
expression levels of inflammatory factors (IL-6, IL-1β, TNFα) were detected by RT-qPCR. (D) TUNEL was performed to evaluate cell apoptosis. 
(E) The expression levels of apoptotic proteins were detected by western blot. (F) The p65 protein expression was detected by western blot. 
Data are shown as mean ± SD for three-independent experiments. **P < 0.01. 
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cerebral ischemia [31]. Interestingly, semaphorin-3a 

binds to its receptor, NRP-1, to form a receptor complex 

and is involved in the regulation of axon guidance, 

branching, bunching, and synapse formation [32]. Fujita 

et al. [33] found that the expression of Sema 3a and 

NRP-1 was upregulated in the ischemic cerebral cortex 

after ischemic brain injury. Shirvan et al. [34] 

confirmed that after ischemic cerebral infarction, 

apoptotic neurons produced and secreted Sema 3a, 

which induced the apoptosis and necrosis of adjacent 

neuronal cell populations. This induction could be 

blocked by antibodies to NRP-1. Therefore, NRP-1 is 

involved in the regulation of neuronal survival and 

growth, axonal repair, and regeneration after ischemic 

brain injury. 

 

In this study, the upregulation of NRP1 expression in 

cerebral ischemia-reperfusion rats further promoted the 

activation of the NF-κB p65 signaling pathway. 

Exaggerated activation of NF-κB p65 has been 

confirmed to improve the immune mechanism of 

necrosis and reperfusion injury [35]. Similarly, NF-κB 

expression is related to rat brain damage, and inhibition 

of the NF-κB signaling pathway is an important means 

to reduce cerebral ischemia-reperfusion injury [36]. Xue 

et al. [37] showed that baicalin could inhibit NF-κB

 

 
 

Figure 7. LncRNA THRIL silencing significantly improved the neurological function of the rat MCAO/R model. (A) Nerve 

injury score of the rat MCAO/R model. (B) Cerebral infarct size was assessed by TTC staining. (C) Western blot detected the apoptosis 
and p65-associated proteins. Data are shown as mean ± SD for three-independent experiments. **P < 0.01. 
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activation and then extenuate focal cerebral ischemic 

reperfusion injury. In this study, THRIL silencing 

significantly improved the neurological functioning of 

the rats in the MCAO/R model. Thus, THRIL 

aggravates cerebral ischemia-reperfusion injury. 

 

In conclusion, THRIL could aggravate cerebral 

ischemia-reperfusion injury by competitively binding to 

miR-24-3p to promote the upregulation of NRP1 and 

further promote the activation of the NF-κB p65 

signaling pathway. Therefore, THRIL may be a novel 

target for the prediction and treatment of cerebral 

ischemia-reperfusion injury. 

 

MATERIALS AND METHODS 
 

Construction of middle cerebral artery 

occlusion/ischemia-reperfusion (MCAO/IR) rat 

model and tissue collection 

 

Twenty-five male Sprague-Dawley rats weighing 223 ± 

18 g were provided by the Animal Experimental Center 

of Southern Medical University. In addition, five 

THRIL-knockdown rats were purchased from Beijing 

Vitalstar Biotechnology Co., Ltd. This study was 

approved by the Animal Ethics Committee of the First 

Affiliated Hospital of Soochow University. All SD rats 

were housed in a laboratory barrier environment at room 

temperature (23 ± 3° C) with free access to water; 

relative humidity was maintained at 57 ± 11%. Animals 

were fasted for 12 h before surgery but were free to 

drink water. They were randomized into sham and 

MCAO/R groups. Rats in the MCAO/R group were 

anesthetized with 10% chloralhydrate at a dose of 3 

mL/kg. A midline incision in the neck was made to 

separate the skin and muscles in sequence, exposing the 

right common carotid artery and its branching internal 

and external carotid arteries. The valgus nerve associated 

with the common carotid artery was carefully separated, 

and the common carotid artery and the proximal end of 

the external carotid artery were ligated, and the internal 

carotid artery was alive. A small opening was made at 

the distal end of the right common carotid artery. The 

line was inserted from the right common carotid artery 

into the middle cerebral artery through the internal 

carotid artery. After 2 h, the line plug was removed. For 

the sham group, rats were fully anesthetized and a 

median neck incision was made. The external carotid 

artery, internal carotid artery, and common carotid artery 

were isolated but not ligated, and the incision was closed 

30 min later. After reperfusion for 24 h, approximately 5 

mL of blood was taken from the abdominal aorta after 

deep anesthesia. Subsequently, the rats were euthanized 

by spine dislocation, and the ischemic penumbra  

of the rat cerebral cortex was placed in liquid nitrogen 

for storage. 

Construction of OGD/R cell model 

 

SH-SY5Y cells were cultured in DMEM medium 

containing 10% fetal bovine serum, 100 kU/L penicillin 

and 100 mg/L streptomycin in 5% CO2, 37° C 

incubator, and changed every other day. SH-SY5Y cells 

in the logarithmic growth phase were collected and 

divided into sham and OGD/R groups. For glucose-

oxygen deprivation, the media for the OGD/R group 

was replaced following cell attachment with a preheated 

glucose-free balanced salt solution (pH 7.4), and the 

cells were incubated in a mixture containing 1% O2, 5% 

CO2, and 94% N2, at 37° C saturated temperature and 

humidity. The initial O2 concentration was 5 L/min. 

After 30 min, the O2 concentration in the incubator was 

reduced to 1%, and the oxygen-deficient gas mixture 

was continuously filled. The O2 concentration in the 

incubator was maintained below 1%, and the sugar and 

oxygen deprivation was continued for 6 h. The media 

was then replaced with DMEM and reperfused for 12 h 

in a 37° C saturated humidity incubator with 5% CO2. 

 

Transfection 

 

Two shRNA plasmids (pcDNA3.1 vector) were 

designed and purchased from Vigene Biosciences, 

based on the different regions of the THRIL sequence. 

The SH-SY5Y cells and OGD/R cells in the logarithmic 

growth phase were added to a 6-well plate at 3×106 

cells/mL, 100 μL per well, and cultured overnight. The 

transfection reagent Lipofectamine 2000 was used to 

transfect shRNA plasmid 1 and THRIL shRNA plasmid 

2. Then, the cells were cultured at 37° C with saturated 

humidity for 48 h for subsequent experiments. 

Untransfected cells were used as a control group. 

Similarly, miR-24-3p-mimic, NC mimic, si-THRIL, and 

the overexpression vector pcDNA3.1-THRIL were also 

transfected as described above. 

 

Neurological deficit score 

 

Neurological deficit score was detected based on the 

criteria of Zea-Longa as follows: 0 points, no symptoms 

of nerve defects; 1 point, rats could not fully extend the 

contralateral forelimb; 2 points, the body turned to the 

hemiplegia side while walking; 3 points, the body 

leaned to the hemiplegia side when walking; 4 points, 

the rat could not be self-issued with loss of 

consciousness. Neurological deficit scores were scored 

24 h after reperfusion.  

 

Determination of cerebral infarction volume 

 
Six hours after ischemia-reperfusion, anesthetized 

animals were intraperitoneally injected with 10% 

chloral hydrate (0.3 mL/100 g body weight), and the 
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brain was removed and immediately stored at -20° C for 

20 min. The sample was continuously coronally sliced 

into a brain slice mold with a sheet thickness of 2 mm. 

The brain slices were transferred to a 2% TTC 

(triphenyltetrazolium chloride) solution (0.1 mol/L 

PBS, pH 7.4) and incubated at 37° C for 30 min at a 

constant temperature. Brain tissue sections were 

photographed and analyzed using the Luzex-F image 

analysis system, and the integral method was used to 

calculate the infarct ratio. 

 

Immunofluorescence assay 

 

After the slide was washed three times with 0.01 

mol/L PBS, Triton X-100 solution was added for 30 

min (37° C). After blocking endogenous peroxidase 

with 0.3% H2O2, 1:100 rabbit anti-rat THRIL 

antibody (Santa Cruz Inc.) was added dropwise, and 

the slide was incubated at room temperature for 1 h 

and then placed in a refrigerator at 4° C overnight. 

After rewarming for 1 h on the second day, 

fluorescein-labeled TdT reaction solution and 

rhodamine-labeled goat anti-rabbit IgG were added to 

the sample for 60 min at 37° C, which was then 

washed with 0.01 mol/L PBS three times. A 

fluorescence microscope (Olympus BX51-DP70) was 

used to observe and photograph images. For OGD/R 

cells and sham cells, the cells were seeded in a 6-well 

plate containing a coverslip at 3 to 5 × 105 per well. 

After the cells had attached for 48 h, the coverslips 

were collected, washed three times with PBS, and 

fixed in 40 g/L paraformaldehyde for 30 min at room 

temperature. The coverslips were removed, fixed on 

glass slides, and washed three times with PBS. The 

other steps were the same as above. 

 

Reverse transcriptase-quantitative (RT-q) PCR 

assay 

 

Total RNA from tissue samples and cells was 

extracted by rapid extraction using TRIzol reagent. 

After DNase treatment, cDNA was reverse transcribed 

into cDNA, and the synthesized cDNA was stored in a 

refrigerator at -20° C until use. The RT-qPCR reaction 

conditions were as follows: pre-denaturation at 95° C 

for 30 s, 95° C for 5 s, 63° C for 30 s, and 95° C for 10 

s for 40 cycles. The primer sequences were as follows: 

THRIL, (upstream) 5’-CTCCAGGAGAGTTTGGGTC 

C-3’, (downstream) 5’-AGATAACCCTGCCAGACC 

T-3’; IL-6, (upstream) 5’-CCACTGCCTTCCCTACTT 

CA-3’, (downstream) 5’-AACGGAACTCCAGAAGA 

CCA-3’; IL-1β. (upstream) 5’-TGAAGCAGCTATGG 

CAACTG-3’, (downstream) 5’-AAAGAAGGTGCTT 
GGGTCCT-3’; TNFα, (upstream) 5’-CAGCAGATG 

GGCTGTATCTT-3’, (downstream) 5’-AAGTAGACC 

TGCCCGGACTC-3’.  

CCK-8 assay 

 

The transfected cells were inoculated into 96-well 

microplates at 2×103 cells/mL, 100 μL per well, and 

five replicate wells were set in each group. The cells 

were cultured overnight to adhere and then cultured for 

72 h for use in the CCK-8 assay. CCK-8 reagent (10 

μL) was added to each well and the incubation was 

continued for 2 h. Finally, the optical density (OD) 

value at 450 nm was measured using a microplate 

reader. 

 

TUNEL assay for apoptosis detection 

 

Paraffin sections were prepared using conventional 

methods. According to the TUNEL Apoptosis Detection 

Kit (Sigma-Aldrich), the samples were washed three 

times with phosphate buffer and soaked in methanol at -

20° C for 15 min. Samples were then washed three 

times with phosphate buffer and covered with a 

balanced salt buffer for 30 min. The tissue was covered 

with the reaction complex, incubated at room 

temperature for 60 min, washed with phosphate buffer 

three times, and then sealed. Finally, a fluorescence 

analyzer was used for analysis.  

 

Western blot assay 

 

The total cell protein solution was extracted. After 

measuring the protein concentration using the BCA 

protein quantification kit, 60 μg of protein was taken 

from each group, and an appropriate amount of 5× 

protein loading buffer was added and the solution was 

placed in a boiling water bath for 5 min. A 10% 

separation gel and a 5% stacking gel were used to 

separate the proteins, and then the separated protein 

was transferred to a PVDF membrane. The membranes 

were blocked with 5% skim milk powder (containing 

0.5% TBST) for 1 h. Primary antibodies (TBST 

dissolved 5% skim milk, phosphorylated protein, 5% 

BSA dissolved in TBST) (rabbit anti-BAX monoclonal 

primary antibody 1:2000, rabbit anti-Bcl-2 monoclonal 

primary antibody 1:1000, rabbit anti-cleaved-caspase3 

monoclonal primary antibody 1:250, NRP1 antibody 

1:1000) were added and with overnight incubation at 4° 

C. After washing with TBST, a diluted secondary 

antibody (TBST-dissolved 5% skim milk) (HRP goat 

anti-rabbit IgG secondary antibody 1:10000) was 

added, and the membrane was incubated for 30 min at 

room temperature, and then washed three times with 

TBST at room temperature. The exposure was 

developed using the ECL method. X-ray film was used 

for exposure and development. The Image J software 
processing system was used to analyze the optical 

density values of the target bands. GAPDH was used as 

an internal reference. 
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Enzyme-linked immunosorbent assay (ELISA)  

 

ELISA was used to detect the concentrations of IL-1β, 

TNF-α, and IL-6 proteins. The procedure was in 

accordance with the kit instructions. After the reaction 

was terminated, the enzyme labeling plate was placed in 

the microplate reader, and the absorbance at 450 nm 

was measured. The standard product and the blank 

control area were determined, and the standard curve 

was automatically detected and calculated by the 

enzyme labeling detector. 

 

Dual luciferase reporter assay 

 

The THRIL gene wild-type and mutant dual luciferase 

reporter vectors were constructed. 293T cells were 

cultured in DMEM high sugar medium containing 10% 

fetal bovine serum. 293T cells were trypsinized, washed 

with PBS, and then adjusted with 1.4 mL PBS to adjust 

the cell density to 2 × 107 mL. Based on the transfection, 

the cells were divided into four groups: pmirGLO-

THRIL-wt+NC mimic, pmirGLO-THRIL-wt+miR-24-

3p-mimic, pmirGLO-THRIL-mut+NC mimic, and 

pmirGLO-THRIL-mut+ miR-24-3p-mimic groups. 293T 

cells were harvested 30 h after transfection, and the 

firefly luciferin signal and the Renilla fluorescein signal 

were measured using a fluorescence luminescence 

detector according to the dual luciferase reporter assay 

kit. Simultaneously, the study verified the miR-24-3p 

target gene NRP1 by dual luciferase reporter assay 

according to the above procedure. 

 

RNA-binding protein immunoprecipitation (RIP) 

assay 

 

Based on the instruction manual, the RIP Kit 

(Millipore, Bedford, MA, USA) was used for the RIP 

assay. First, transfected cells were collected and lysed 

using RIP lysis buffer. Next, RIP buffer containing 

magnetic beads conjugated with human anti-Ago2 

antibody was added to the cell extract for incubation. 

Then, proteinase K was applied to digest the protein 

and immunoprecipitated RNA was separated.  

RT-qPCR was performed to detect THRIL and miR-

24-3p. 

 

Statistical analysis 

 

SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) was used for 

data analysis. The experimental data are expressed as 

mean ± standard deviation (SD). For data comparisons 

in multiple groups, one-way ANOVA with Turkey’s 

post hoc test was performed. A two-tailed paired t-test 
was used to compare differences between two groups 

being compared once. Differences were considered 

statistically significant at P < 0.05.  
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