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INTRODUCTION 
 

Neonatal hypoxic–ischaemic encephalopathy (HIE) is a 

clinical syndrome triggered by various factors, resulting in 

hypoxia and altered cerebral blood flow [1]. Following 

the hypoxic–ischaemic event occurring at birth, the initial 

energy failure phase ensues. As clinical symptoms 

transiently improve, the brain injury recovery period, also 

known as the therapeutic window before the secondary 

energy failure phase, begins [2]. The pathophysiology of 

neonatal hypoxic–ischaemic brain damage (HIBD) is 

dynamic, involving key components such as apoptosis, 

inflammation, excitotoxicity, oxidative stress, and 

mitochondrial impairment. Due to the disparities between 

the newborn and adult brain, the neonatal brain is highly 

sensitive to hypoxia and susceptible to oxidative stress 

damage due to its elevated oxygen consumption rate, high 

unsaturated fatty acid content, and low levels of 

antioxidants and redox-active iron [3]. Therapeutic 

hypothermia (TH) stands as the only proven treatment for 

HIE [4]. Several trials have indicated that TH can enhance 

survival and diminish disability in neonatal HIE. 

Nevertheless, TH does not prevent adverse outcomes in 

all neonatal patients. Statistics revealed that the rate of 
death or disabilities, such as cerebral palsy, epilepsy, 

developmental delays, and cognitive impairment, is ~50% 

in hypothermic neonates [5, 6]. Drug therapy and 

interventions for HIE aim to mitigate the side effects of 

www.aging-us.com AGING 2024, Vol. 16, No. 3 

Research Paper 

MicroRNA-124 negatively regulates STAT3 to alleviate hypoxic-
ischemic brain damage by inhibiting oxidative stress 
 

Jiaqing Geng1,2,*, Jiangpeng Feng3,*, Fangzi Ke1, Fang Fang1, Xiaoqi Jing1, Jiaxin Tang1,  
Chengzhi Fang1, Binghong Zhang1 
 
1Departments of Neonatology, Renmin Hospital of Wuhan University, Wuhan 430062, China 
2Central Laboratory, Renmin Hospital of Wuhan University, Wuhan 430062, China 
3State Key Laboratory of Virology, Modern Virology Research Center, College of Life Sciences, Wuhan University, 
Wuhan 430062, China 
*Equal contribution 
 

Correspondence to: Chengzhi Fang, Binghong Zhang; email: fcz2000@126.com,  https://orcid.org/0009-0004-6452-3043; 
zbhong6288@whu.edu.cn 
Keywords: hypoxic-ischemic brain damage, miR-124, STAT3, oxidative stress, apoptosis 
Received: October 10, 2023 Accepted: December 29, 2023  Published: February 5, 2024 
 

Copyright: © 2024 Geng et al. This is an open access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited. 
 

ABSTRACT 
 

MicroRNA-124 (miR-124) is implicated in various neurological diseases; however, its significance in hypoxic-
ischaemic brain damage (HIBD) remains unclear. This study aimed to elucidate the underlying pathophysiological 
mechanisms of miR-124 in HIBD. In our study performed on oxygen-glucose deprivation followed by reperfusion 
(OGD)/R-induced primary cortical neurons, a substantial reduction in miR-124 was observed. Furthermore, the 
upregulation of miR-124 significantly mitigated oxidative stress, apoptosis, and mitochondrial impairment. We 
demonstrated that miR-124 interacts with the signal transducer and activator of transcription 3 (STAT3) to exert its 
biological function using the dual-luciferase reporter gene assay. As the duration of OGD increased, miR-124 
exhibited a negative correlation with STAT3. STAT3 overexpression notably attenuated the protective effects of 
miR-124 mimics, while knockdown of STAT3 reversed the adverse effects of the miR-124 inhibitor. Subsequently, 
we conducted an HIBD model in rats. In vivo experiments, miR-124 overexpression attenuated cerebral infarction 
volume, cerebral edema, apoptosis, oxidative stress, and improved neurological function recovery in HIBD rats. In 
summary, the neuroprotective effects of the miR-124/STAT3 axis were confirmed in the HIBD model. MiR-124 may 
serve as a potential biomarker with significant therapeutic implications for HIBD. 

mailto:fcz2000@126.com
https://orcid.org/0009-0004-6452-3043.
mailto:zbhong6288@whu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


www.aging-us.com 2829 AGING 

TH, encompassing the use of morphine and anti-epileptic 

drugs, correction of neonatal acidosis, appropriate oxygen 

concentration, monitoring blood glucose levels, reducing 

jaundice, and minimizing unnecessary interventions [7]. 

Currently, no drugs have proven effective for HIE, 

underscoring the imperative to identify and develop 

effective treatments [8]. 
 

Plants, animals, and certain viruses contain a category 

of small, non-coding single-stranded RNAs known as 

microRNAs (miRNAs). The discovery of let-7, the first 

miRNA in the early 20th century, marked the beginning 

of our understanding of these molecules. To date, the 

miRBase miRNA database (released on 22 March 2018) 

reports almost 38,589 hairpin pre-miRNAs expressing 

48,885 mature miRNAs in 271 species [9]. Notably, 

~70% of all miRNAs in the known database are 

associated with the brain. In the mouse brain, miR-124 

constitutes 25%–48% of total miRNAs, as reported by 

Lagos-Quintana [10]. MiR-124 plays a crucial role in 

controlling the physiological activities of human brain 

tissue biopsies [11]. Substantial evidence has suggested 

its importance in physiological processes within the 

nervous system. The miR-124/SCP1 axis is vital for the 

neuronal differentiation of adipose-derived stem cells, 

and miR-124 stimulates the neuronal differentiation of 

hair follicle stem cells [12, 13]. Additionally, Xue 

verified that miR-9 and miR-124 inhibited the 

expression of Rap2a transcripts, thereby promoting 

neuronal dendritic branching and differentiation [14]. 

Furthermore, miR-124 regulates cyclic AMP-responsive 

element-binding protein (CREB) and CREB-mediated 

signaling during plasticity, influencing long-term 

plasticity [15]. In neuro-inflammation, miR-124 is 

significant, and its overexpression inhibits microglial 

toll-like receptor 4, thereby regulating microglial 

activation to reduce neuroinflammation [16]. Reports 

suggest that miR-124 can also regulate the heart, kidney, 

and other organs during ischaemia–reperfusion injury 

[17, 18]. 
 

Based on these previous studies, we designed this 

experiment to elucidate the role of miR-124 in neonatal 

HIBD. We validated the potential mechanisms of miR-

124 in HIBD both in vitro and in vivo. We expect that 

these findings will provide valuable insights for 

formulating treatment strategies for HIBD. 

 

RESULTS 
 

Expression of miR-124 and cell viability in oxygen-

glucose deprivation followed by reperfusion 

(OGD/R)-induced neurons  

 

We established an in vitro model of HIBD by 

constructing an OGD/R model using primary cortical 

neurons. In the experiment, primary neurons cultured up 

to day 7 which held together via protrusions (Figure 

1A). Neurons with a purity exceeding 90% were 

identified through Map-2 immunofluorescence staining 

and were utilized for subsequent investigations (Figure 

1B). The cell viability of primary cortical neurons was 

detected by CCK8 assay in different time of OGD. As 

depicted in Figure 1C, 1D, the cell viability and the 

miR-124 levels steadily decreased with an increase in 

OGD duration (p < 0.05). Based on these findings, we 

hypothesized a connection between miR-124 and 

ischemia–hypoxia–reperfusion injury, leading us to 

select OGD 2 h for subsequent in vitro experiments. 

The changes observed in some neurons after OGD/R 

treatment (Figure 1E), included blurred cell edges, 

nuclear fixation, shortened and tortuous protrusions, as 

well as the disappearance of protrusions. 

 

The changes of oxidative stress, mitochondrial 

impairment, and apoptosis in primary neurons with 

miR-124 treatment in OGD/R  

 

To assess the effect of miR-124 treatment in OGD/R, 

we transfected mimics negative control (NC) or miR-
124 mimics, as well as inhibitor NC or miR-124 

inhibitor, prior to OGD/R treatment. As illustrated in 

Figure 2A, 2B, the ROS DCF fluorescence intensity 

was significantly higher in OGD/R-treated neurons 

compared to the normal group, and the miR-124 

inhibitor group exhibited increased DCF fluorescence 

intensity compared to the NC inhibitor group. 

Conversely, miR-124 overexpression attenuated the 

ROS increase induced by OGD/R treatment compared 

to the mimics NC group (p < 0.05). We also measured 

superoxide dismutase (SOD) activity, MDA levels, and 

8-OHdG levels as sensitive indicators of oxidative 

damage. OGD/R treatment inhibited SOD activity, 

while increasing the levels of 8-OHdG and MDA. The 

miR-124 inhibitor further inhibited SOD activity and 

promoted 8-OHdG and MDA content compared to the 

inhibitor NC group. Conversely, the miR-124 mimics 

group exhibited increased SOD activity and decreased 

8-OHdG and MDA content compared to the mimics NC 

group (p < 0.05, Figure 2C–2E). In summary, miR-124 

restrained oxidative stress in neurons subjected to 

OGD/R. 

 

Given that mitochondria are the primary site of 

oxidative stress in cells, we next assessed mitochondrial 

impairment [19]. In OGD/R-induced cells, the mito-

tracker red probe marked live neurons less efficiently 

than in the normal group. The mean fluorescence of 

mito-tracker significantly decreased in the miR-124 
inhibitor group compared to the inhibitor NC group. 

Conversely, the fluorescence markedly increased in the 

miR-124 mimics group compared to the mimics NC 
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group (p < 0.05, Figure 2A, 2F). As shown in Figure 

2A, 2G, 2H, the red fluorescence changed to green 

fluorescence in OGD/R-induced cells, suggesting low 

mitochondrial membrane potential (MMP) compared to 

the normal group. Additionally, in comparison with the 

inhibitor NC group, the miR-124 inhibitor group 

exhibited an increase in green fluorescence and a 

decrease in MMP. Conversely, miR-124 overexpression 

significantly increased red fluorescence and decreased 

green fluorescence, stabilizing the potential of the 

mitochondrial membrane in primary neurons (p < 0.05). 

Our results suggest that miR-124 overexpression could 

maintain mitochondrial function. 

 

Oxidative stress is a potent initiator of apoptosis and a 

key factor in neuronal death. From Figure 2I–2K, the 

mRNA levels of Caspase-3 and Bax notably increased 

in the OGD group compared to the normal group. The 

miR-124 inhibitor increased the levels of Caspase-3 and 

Bax mRNA compared to the control group, while the 

miR-124 mimics group exhibited reduced Caspase-3 

and Bax mRNA levels compared to the mimics NC 

group. However, the Bcl-2 mRNA levels were 

significantly increased in the miR-124 mimics group 

compared to the mimics NC group, revealing a negative 

relationship between Bcl-2 mRNA levels and Bax 

mRNA levels (p < 0.05). In summary, miR-124 over-

expression can alleviate oxidative stress, mitochondrial 

impairment, and apoptosis in neurons following OGD/R 

treatment.  

 

STAT3 identified as a direct target gene of miR-124 

 

To identify potential targets of miR-124, we utilized 

three databases (miRTarBase, miRDB, and TargetScan) 

and identified NEUROD1, LAMC1, ITGB1, KLF15, 

NR3C1, STAT3, and CAV1 as potential target genes of 

miR-124 (Figure 3A). Subsequently, we examined the 

expression of these potential targets by qRT-PCR and 

found that, after OGD/R treatment, NEUROD1 mRNA 

decreased, while NR3C1, STAT3, and CAV1 mRNA 

were up-regulated (p < 0.05, Figure 3B). Notably, the 

level of STAT3 mRNA changed significantly in 

OGD/R-induced cells. Consequently, we selected 

STAT3 as the target gene of miR-124 for further 

investigation, finding that it could be targeted by miR-

124 in the 3′-untranslated region (UTR) according to 

TargetScan (Figure 3C). Moreover, the relationship 

between STAT3 and miR-124 was validated using a 

dual-luciferase reporter assay. The results showed a 

significant reduction in luciferase activity when miR-

124 mimics were co-transfected with 3′-UTR-WT of the 

STAT3 reporter, confirming that miR-124 inhibits 

STAT3 expression by binding to its mRNA 3′-UTR 

(Figure 3D). In Figure 3E, STAT3 mRNA gradually 

increased with the extension of hypoxia duration, 

 

 
 

Figure 1. Expression of miR-124 and cell viability in OGD/R-induced neurons. (A) The change of primary neurons cultured up to day 

1, day 3, day 5, and day 7; (B) Representative immunofluorescence images of Map-2 (green) and DAPI (blue) co-staining the primary cortical 
neurons. Scale bar, 50μm; (C) The Cell viability of the primary cortical neurons under OGD treatment for 0, 1, 2, and 3 h were detected by 
CCK-8 assay; (D) qRT-PCR analysis of miR-124 levels the primary cortical neurons under OGD treatment for 0, 1, 2, and 3 h; (E) the change 
between normal neurons and neurons after OGD(2h)/R treatment. Data were expressed as mean ± SD (derived from three independent 
experiments for each sample). NS, not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of variance with 
Tukey’s post hoc tests). 
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Figure 2. The changes of oxidative stress, mitochondrial impairment, and apoptosis in primary neurons with miR-124 
treatment in OGD/R. The neurons were transfected with inhibitor NC, miR-124 inhibitor, mimics NC, or miR-124 mimics before OGD/R 

treatment. (A) Intracellular ROS was measured using DCFH-DA with a fluorescence microscope; Representative photomicrograph of mito-
tracker red; Representative photomicrographs of fluorescence shift from red to green of JC-1 staining. Scale bar, 50μm; (B) Quantitative 
analysis green fluorescence of ROS; (C) The SOD activity was determined by the commercial kits; (D) The content of MDA was determined by 
the commercial kits; (E) The content of 8-OHdG was determined by the commercial kits; (F) Quantitative analysis of mito-tracker red;  
(G, H) Quantitative analysis of fluorescence shift from red to green of JC-1 staining; (I–K) The mRNA levels of Caspase-3, Bax, and Bcl-2 were 
detected by qRT-PCR. Data were expressed as mean ± SD (derived from three independent experiments for each sample). NS, not significant 
for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of variance with Tukey’s post hoc tests). 
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Figure 3. STAT3 identified as a direct target gene of miR-124. (A) miRTarBase, miRDB and TargetScan were used to predict the 

potential targets of miR-124 and found the potential target genes (NEUROD1, LAMC1, ITGB1, KLF15, NR3C1, STAT3, CAV1); (B) The mRNAs 
expression levels of miR-124 potential targets; (C, D) The predicted binding sites between miR-124 and STAT3 according to the TargetScan; 
The neurons were randomly divided into 6 groups, i.e., vector+ mimics NC, vector +miR-124 mimics, STAT3-WT + mimics NC, STAT3-WT + 
miR-124 mimics, STAT3-Mut + mimics NC, and STAT3-Mut + miR-124 mimics. The relative luciferase activity was measured using a dual-
luciferase reporter system; (E, F) The STAT3 mRNA was detected by qRT-PCR; (G) The protein levels of STAT3 was detected by Western blot; 
(H) Quantitative analysis of the protein levels of STAT3; Data were expressed as mean ± SD (derived from three independent experiments for 
each sample). NS, not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (Student’s t-test (B, D), or one-way analysis of 
variance with Tukey’s post hoc test (E, F, H)). 
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reaching its peak at OGD 2 h, indicating a negative 

correlation between miR-124 and STAT3 changes (p < 

0.05). Furthermore, the STAT3 mRNA and protein 

levels were significantly elevated in OGD/R-treated 

neurons compared to the normal group, as revealed by 

qRT-PCR and western blotting. Correspondingly, in the 

miR-124 inhibitor group, STAT3 mRNA and protein 

levels were higher than in the inhibitor NC group. 

Conversely, miR-124 mimics reversed these effects (p < 

0.05, Figure 3F–3H). In summary, miR-124 may exert 

its biological function by targeting STAT3 in OGD/R-

induced neurons.  

 

STAT3 overexpression promotes oxidative stress in 

OGD/R-treated neurons 

 

We further validated this interaction by constructing 

STAT3 (open reading frame [ORF]) and co-transfecting 

it with miR-124 mimics in the OGD/R model. Both the 

mRNA and protein levels of STAT3 were significantly 

higher in the STAT3 (ORF) + mimics NC group 

compared to the vector + mimics NC group (p < 0.05, 

Figure 4A–4C). In comparison to the vector + miR-124 

mimics group, the levels of ROS, MDA, and 8-OHdG 

were markedly elevated, and the activity of SOD was 

inhibited in the STAT3 (ORF) + mimics NC group (p < 

0.05, Figure 4D–4H). The mito-tracker red fluorescence 

levels marking live cells in the STAT3 (ORF) + mimics 

NC group were lower than in the vector + miR-124 

mimics group (p < 0.05, Figure 4D, 4I). Additionally, in 

the STAT3 (ORF) + mimics NC group, the red 

fluorescence decreased, and the green fluorescence 

increased compared to the vector + miR-124 mimics 

group, indicating MMP loss (p < 0.05, Figure 4D, 4J, 

4K). In summary, the protective effect of miR-124 

mimics after OGD/R was significantly diminished by 

STAT3 overexpression. 

 

Knockdown of STAT3 reverses the effects of miR-

124 inhibitor on oxidative stress in OGD/R-treated 

neurons 

 

We employed small interfering RNAs (siRNAs) to 

knock down STAT3 expression and co-transfected 

miR-124 inhibitor with si-STAT3. The levels of STAT3 

mRNA and protein in the si-STAT3 + inhibitor NC 

group were significantly reduced compared to the si-

NC + inhibitor NC group (p < 0.05, Figure 5A–5C). In 

the si-STAT3 + miR-124 inhibitor group, ROS, MDA, 

and 8-OHdG levels were significantly decreased, 

while SOD activity was enhanced compared to the si-

NC + miR-124 inhibitor group (p < 0.05, Figure 5D–

5H). The mito-tracker red fluorescence levels marking 
live cells in the si-STAT3 + miR-124 inhibitor group 

were higher than in the si-NC + miR-124 inhibitor 

group (p < 0.05, Figure 5D, 5I). Concurrently, in the 

si-STAT3 + miR-124 inhibitor group, the red 

fluorescence increased, and the green fluorescence 

decreased compared to the si-NC + miR-124 inhibitor 

group, indicating an improvement in MMP (p < 0.05, 

Figure 5D, 5J, 5K). These findings suggest that the 

transfection of si-STAT3 eliminated the adverse impact 

of miR-124 inhibitor on oxidative stress. 

 

MiR-124 attenuates the brain infarct volume, brain 

oedema, and neuronal damage, while improving the 

neurological reflex behavior of rats with HIBD in 

vivo 

 

To investigate the in vivo function of miR-124, we 

constructed a newborn HIBD rat model (Figure 6A). 

The cerebral infarction volume in HIBD neonatal rats 

was significantly larger compared to the control group. 

However, the area of cerebral infarct was smaller in the 

miR-124 agomir group compared to the agomir NC 

group (p < 0.05, Figure 6B, 6E). In the HIBD group, 

oedema was visibly present in the ipsilateral cerebral 

hemisphere, as indicated in Figure 6C, 6F. In contrast, 

miR-124 attenuated brain water content compared to the 

agomir NC group (p < 0.05). As shown in Figure 6D, 

neurons in the sham group were neatly arranged and 

tight, with clear and intact Nissl bodies. However, 

neurons in the HIBD group exhibited disorganization, 

nuclear shrinkage, widespread voids, and oedema 

between cells. Few remaining Nissl bodies were deeply 

stained and grainy. MiR-124 agomir significantly 

reduced neuronal damage caused by HI damage 

compared to the agomir NC in newborn rats. Early 

neurological behavioral examinations were conducted 

on post-natal day 6 (1 h before intracerebroventricular 

injection) to establish baseline measures. The Zea-longa 

scores were determined to measure rat brain function. 

The HIBD group scored higher than the sham group, 

but the scores noticeably decreased with miR-124 

agomir compared to the agomir NC group on day 9 (p < 

0.05, Figure 6G). Treatment for HIBD increased the 

mean times for both the 180° negative geotaxis reaction 

and the righting reflex on day 9. Compared to the 

agomir NC group, miR-124 agomir significantly 

decreased righting reflex and negative reflex time in 

neonatal rats, indicating an improvement in short-term 

neurobehavioral impairment on day 9 (p < 0.05, Figure 

6H, 6I). These results were consistent with the in vitro 

study, suggesting that miR-124 protected HIBD rats 

against brain damage. 

 

MiR-124 relieves oxidative stress and apoptosis in 

HIBD rats by inhibiting STAT3 in vivo 

 
To investigate how miR-124 enhances nerve protection 

against brain damage in rat pups, we employed qRT-

PCR and western blotting. The qRT-PCR results 
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Figure 4. STAT3 overexpression promotes oxidative stress in OGD-treated neurons. The neurons were transfected with vector, 
STAT3(ORF), or co-transfected with vector and mimics NC, or co-transfected with vector and miR-124 mimics, or co-transfected with 
STAT3(ORF) and mimics NC, or co-transfected with STAT3(ORF) and miR-124 mimics. (A) The STAT3 mRNA was detected by qRT-PCR; (B) The 
protein levels of STAT3 were detected by Western blot; (C) Quantitative analysis of the protein levels of STAT3; (D) Intracellular ROS was 
measured using DCFH-DA with a fluorescence microscope; Representative photomicrograph of mito-tracker red; Representative 
photomicrographs of fluorescence shift from red to green of JC-1 staining. Scale bar, 50μm; (E) Quantitative analysis green fluorescence of 
ROS; (F) The SOD activity was determined by the commercial kits; (G) The content of MDA was determined by the commercial kits; (H) The 
content of 8-OHdG was determined by the commercial kits; (I) Quantitative analysis of mito-tracker red; (J, K) Quantitative analysis of 
fluorescence shift from red to green of JC-1 staining; Data were expressed as mean ± SD (derived from three independent experiments for 
each sample). NS, not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of variance with Tukey’s post hoc 
tests). 
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Figure 5. Knockdown of STAT3 reversed the effects of miR-124 inhibitor on oxidative stress in OGD-treated neurons. The 

neurons were transfected with si-NC, si-STAT3, or co-transfected with si-NC and inhibitor NC, or co-transfected with si-NC and miR-124 
inhibitor, or co-transfected with si-STAT3 and inhibitor NC, or co-transfected with si-STAT3 and miR-124 inhibitor. (A) The STAT3 mRNA was 
detected by qRT-PCR; (B) The protein levels of STAT3 were detected by Western blot; (C) Quantitative analysis of the protein levels of STAT3; 
(D) Intracellular ROS was measured using DCFH-DA with a fluorescence microscope; Representative photomicrograph of mito-tracker red; 
Representative photomicrographs of fluorescence shift from red to green of JC-1 staining. Scale bar, 50μm; (E) Quantitative analysis green 
fluorescence of ROS; (F) The SOD activity was determined by the commercial kits; (G) The content of MDA was determined by the 
commercial kits; (H) The content of 8-OHdG was determined by the commercial kits; (I) Quantitative analysis of mitochondria tracker red; (J, 
K) Quantitative analysis of fluorescence shift from red to green of JC-1 staining; Data were expressed as mean ± SD (derived from three 
independent experiments for each sample). NS, not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of 
variance with Tukey’s post hoc tests). 
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Figure 6. MiR-124 attenuates the brain infarct volume, brain oedema, and neuronal damage, while improving the neurological 
reflex behavior of rats with HIBD in vivo. (A) Overview of animal experiments procedures in the HIBD rat model; (B) Representative TTC 
stained coronal brain sections of each group (number of animals: n=5/group); (C) Representative images of newborn SD rat brain taken by 
digital camera after HI injury (number of animals: n=5/group); (D) Nissl staining and H&E staining of cerebral cortex region in each 
group(number of animals: n=5/group). Scale bar, 50μm; (E) Quantitative analysis of ipsilateral cerebral infarction volume in each group; (F) 
Quantitative analysis of brain water content; (G) Neurological score (number of animals: n=10/group); (H) Righting reflex times (number of 
animals: n=10/group); (I) Negative geotaxis reflex times (number of animals: n=10/group); Data are expressed as the mean ± SD. P < 0.05. NS, 
not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of variance with Tukey’s post hoc tests). 
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revealed a significant reduction in miR-124 levels and 

an increase in STAT3 mRNA levels in the HIBD group 

compared to the sham group (p < 0.05). Conversely, in 

the HIBD + miR-124 agomir group, the miR-124 level 

was higher, and STAT3 mRNA levels were lower 

compared to the HIBD + agomir NC group (p < 0.05, 

Figure 7A, 7B). As shown in Figure 7C, 7D, the protein 

contents of STAT3 were significantly upregulated in the 

HIBD group compared to the sham group. Meanwhile, 

the overexpression of miR-124 downregulated STAT3 

protein levels in the HIBD + miR-124 agomir group 

compared to the HIBD + agomir NC group (p < 0.05). 

These results suggest that miR-124 exerts its protective 

effect on HIBD rats by regulating STAT3. We also 

assessed oxidative stress markers, including ROS, 

MDA, SOD, and 8-OHdG. In the HIBD group, the 

levels of ROS and MDA were higher, and the activity 

of SOD was decreased compared to the sham group. 

MiR-124 overexpression significantly decreased the 

levels of ROS and MDA, while increasing SOD activity 

in the HIBD + miR-124 agomir group compared to the 

HIBD + agomir NC group (p < 0.05, Figure 7E–7G). 

Immunohistochemistry (IHC) results showed that miR-

124 attenuates DNA oxidation in HIBD-induced rats. 

Compared with the sham group, the IHC staining of 8-

OHdG increased in the HIBD group (p < 0.05). MiR-

124 agomir markedly reduced the IHC staining of 8-

OHdG when comparing the HIBD + miR-124 agomir 

group to the HIBD + agomir NC group (p < 0.05, 

Figure 7H, 7I). The data demonstrated that miR-124 

agomir could alleviate oxidative stress in HIBD rats. 

Finally, we analyzed the mRNA levels of apoptosis 

markers. The qRT-PCR results revealed higher mRNA 

levels of Caspase-3 and Bax and lower mRNA levels of 

Bcl-2 in the HIBD group than in the sham group. The 

Caspase-3 and Bax mRNA levels were significantly 

lower, while the Bcl-2 mRNA was higher in the HIBD 

+ miR-124 agomir group compared to the HIBD + 

agomir NC group (p < 0.05, Figure 7J–7L). In 

conclusion, miR-124 may alleviate oxidative stress and 

apoptosis in HIBD rats by inhibiting STAT3.  

 

DISCUSSION 
 

HIE affects ~1.5 of every 1,000 newborns, posing a 

significant risk of permanent neurological impairment 

[20]. The consequences of HIE can have a profound 

impact on affected families and extend to broader 

societal implications. TH has proven beneficial for 

newborns with moderate to severe HIE, the therapeutic 

window is short, and current protocols are only partially 

effective, prompting the search for new, safe, and 

effective treatments [21]. Previous research has 

highlighted the crucial role of miR-124 in brain 

development, and abnormal miR-124 expression has 

been associated with nervous system diseases [22–25]. 

Therefore, our experiments aimed to investigate the 

causal nature of the interaction between miR-124 and 

HIBD. In our research, we observed a significant 

decrease in miR-124 levels in OGD/R-induced primary 

cortical neurons. This aligns with a clinical study which 

have shown decreased levels of miR-124 in patients 

with acute cerebral infarction, accompanied by 

increased levels of IL-6, IL-8, and CRP, with a 

significant negative correlation [26]. Furthermore,  

the upregulation of miR-124 significantly alleviated 

oxidative stress, apoptosis, and mitochondrial impair-

ment in cells following OGD/R treatment. Lastly, we 

propose that miR-124 exerts a neuroprotective effect in 

HIBD by regulating STAT3. To our knowledge, this 

study is the first to explore how miR-124 targets STAT3 

to inhibit oxidative stress and apoptosis in HIBD. 

 

Oxidative stress plays a crucial role in the development 

of HIBD, especially given the vulnerability of the 

newborn brain to hypoxia due to incomplete 

development. Previous research has indicated that 

hypoxia-ischemia triggers oxidative stress, leading to 

increased formation of ROS and decreased antioxidant 

enzyme SOD activity in the brain, ultimately resulting 

in brain damage [27–33]. Our data revealed a noticeable 

increase in ROS DCF fluorescence intensity after 

OGD/R treatment, but this phenomenon was reversed 

by miR-124 mimics. ROS serves as a key molecular 

regulator in signal pathways and biological functions. 

Excessive ROS production can cause permanent 

oxidative reactions, damaging proteins, DNA (marked 

by 8-OHdG, a DNA oxidative damage marker), lipids 

(marked by MDA, a lipid peroxidation product), and 

more, ultimately leading to cell death [34–36]. 

Therefore, we assessed other markers of oxidative stress 

in our study. The results indicated that miR-124 

overexpression promoted SOD activity while reducing 

levels of MDA and 8-OHdG in OGD-treated neurons, 

suggesting that miR-124 could alleviate oxidative stress. 

This finding aligns with Silva’s research, highlighting 

the potential of miR-124 as a therapeutic strategy in 

HIBD by maintaining a balance between promoting and 

inhibiting oxidative stress [37]. In vivo studies further 

supported these results, showing that upregulation of 

miR-124 level reduced the incidence of cerebral 

infarction and brain oedema, alleviating neurological 

impairments and oxidative stress. 

 

During the initial phase of hypoxia-ischemia, cells 

swell, and excess excitatory amino acids are produced, 

leading to oxidative stress and the generation of 

numerous free radicals, especially hydroxyl radicals 

(•OH−). These radicals mediate neuronal impairment 
through various mechanisms, including the 

accumulation of 8-OHdG and MDA, as well as mito-

chondrial dysfunction [38]. MMP is crucial for 
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Figure 7. MiR-124 relieves oxidative stress and apoptosis in HIBD rats by inhibiting STAT3 in vivo. (A) The miR-124 was detected 
by qRT-PCR; (B) The STAT3 mRNA was detected by qRT-PCR; (C) The protein levels of STAT3 was detected by Western blot; (D) Quantitative 
analysis of the protein levels of STAT3; (E) The levels of intracellular ROS was measured; (F) The SOD activity was determined by the 
commercial kits; (G) The content of MDA was determined by the commercial kits; (H) Immunohistochemistry analysis of 8-OHdG intensity 
arbitrary in the peri-infarction cortex(number of animals: n=5/group). Scale bar, 50μm; (I) Quantitative analysis of protein levels of 8-OHdG 
by immunohistochemistry assay; (J–L) The mRNA levels of Caspase-3, Bax, and Bcl-2 were detected by qRT-PCR. Data were expressed as 
mean ± SD (number of animals: n =5/group); NS, not significant for p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001 (one-way analysis of 
variance with Tukey’s post hoc tests). 
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membrane stability, and our study used mito-tracker red 

fluorescent probe staining and JC-1 assay to evaluate 

mitochondrial-specific markers in OGD/R-treated 

neurons. The results demonstrated a relationship 

between miR-124 and mitochondrial impairment in 

HIBD. MiR-124 overexpression improved mito-

chondrial damage, as indicated by mito-tracker red 

labeling, and stabilized mitochondrial membrane 

potential. As part of the apoptotic pathway activation, 

the release of cytochrome c from mitochondria is a 

critical stage [39, 40]. The diffusion of cytochrome c 

and pro-apoptotic proteins triggers the activation of 

Caspase-3 [29]. Bax and Bcl-2 are commonly used to 

assess the severity of apoptosis. Our data showed that 

miR-124 mimics significantly reduced mRNA levels of 

Caspase-3 and Bax, while increasing mRNA levels of 

Bcl-2 from a molecular perspective. This aligns with 

previous research confirming the impact of oxidative 

stress on neuronal apoptosis in HIBD, indicating that 

miR-124 overexpression suppresses oxidative stress, 

alleviating mitochondrial dysfunction and apoptosis in 

neurons after OGD/R treatment [41]. 

 

The neuroprotective effect of miR-124 prompted us to 

delve into the underlying mechanisms of HIBD. We 

used bioinformatics methods and a dual luciferase 

reporter system to analyze the interaction between miR-
124 and STAT3. STAT3, a redox-regulated protein 

belonging to the STAT family, remains latent in the 

cytoplasm of resting cells until activated by growth 

factors and cytokines binding to specific cell receptors 

[42]. It plays a role in diverse biological outcomes, 

including cell proliferation, differentiation, apoptosis, 

inflammation, modulation of the immune system, and 

tumorigenesis. While the classical pathway involves the 

transfer of STAT3 from the cytoplasm to the nucleus, 

recent findings indicate non-canonical roles for STAT3 

outside the nucleus, regulating mitochondrial functions, 

endoplasmic reticulum, and lysosomes [43]. Numerous 

studies have established a strong relationship between 

STAT3 and oxidative stress. Research by Zhu 

highlighted the protective role of regulating the IL-

6/STAT3 pathway against oxidative stress in brain 

occlusion/reperfusion damage [44]. Huo demonstrated 

that inhibiting the IL-6/STAT3 pathway could exert 

cardioprotective effects by mitigating oxidative stress-

induced mitochondrial dysfunction in a heart failure 

model [45]. Additionally, studies by Zhao and Mehla 

showed that p-STAT3 deficiency could reduce 

inflammation, oxidative stress, and proliferation in liver 

damage, while inhibiting STAT3 could enhance 

cognitive function, functional connectivity, and cerebral 

blood flow in Alzheimer’s disease by reducing neuritic 
plaques, cerebral amyloid angiopathy, oxidative stress, 

and neuroinflammation [46, 47]. Consistent with prior 

research, our HIBD rat models exhibited increased 

levels of both STAT3 mRNA and protein [48]. 

Furthermore, we observed a negative interaction 

between miR-124 and STAT3. Using STAT3 (ORF) and 

si-STAT3, we further analyzed how miR-124 affects 

STAT3. The results showed that STAT3 (ORF) and si-

STAT3 could counteract the roles of miR-124 mimics or 

inhibitor in neurons after OGD/R treatment. In 

conclusion, our study suggests that miR-124 may exert 

its neuroprotective role in HIBD by inhibiting STAT3. 

 

A previous study demonstrated that miR-124 promotes 

neuronal survival and inhibits apoptosis in HIBD, but 

the underlying mechanism was not explored [49]. While 

abnormal expressions of miR-124 and STAT3 have been 

implicated in various nervous system diseases, the 

inhibition of oxidative stress and apoptosis by miR-124 

targeting STAT3 in HIBD has not been reported [50–

53]. Nevertheless, our experiment has some limitations. 

We focused solely on cortical neurons, neglecting other 

brain areas such as hippocampal neurons, and we intend 

to address this limitation in future studies. Additionally, 

the long-term prognosis effects of miR-124 in HIBD, 

including athletic and learning abilities, remain unclear 

and warrant further investigation. The translation of 

effective miRNA therapy from experiments to clinical 

application is an ongoing challenge. Although our 

research provides a rationale for the potential 

therapeutic role of miR-124, further studies are needed 

to obtain direct evidence of the in-depth mechanism and 

assess long-term effects in clinical samples. 

 

In summary, our findings indicate that miR-124 

alleviates oxidative stress and apoptosis by directly 

targeting STAT3 in both in vivo and in vitro analyses. 

This suggests that miR-124 holds significant potential 

for addressing HIBD and may serve as a solid 

foundation for future treatments of this condition. 

 

MATERIALS AND METHODS 
 

Primary cortical neurons culturing 

 

Primary cortical neurons were obtained using 

Viesselman’s method, with all procedures conducted on 

ice [54]. Brains from Sprague-Dawley rats were rapidly 

isolated within 24 h postnatally and cut into ~1 mm³ 

pieces using ophthalmic scissors. The brain, following 

isolation, was washed with Dulbecco’s modified Eagle 

Medium (DMEM/F12, 10% fetal bovine serum [FBS] 

+ 100 µg/mL penicillin and streptomycin) after 

exposure to 0.25% trypsin at 37° C for 15 min. After 

centrifugation (1,500 rpm, 5 min), single-cell sus-

pension was created by resuspending in a fresh 

complete culture medium and filtering. Culture plates 

were coated with poly-d-lysine, and neurons were then 

seeded at a density of ~2 × 105/mL for 4 h at 37° C with 
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5% CO2. A neuron-specific medium (neurobasal 

medium + 2% B27, without serum; Gibco, Billings, 

MT, USA), was utilized instead of the complete 

medium. The medium was refreshed every 3 days, and 

anti-Map-2 immunofluorescence staining was employed 

to assess the purity of cultured neurons up to day 7. 

 

Immunofluorescence staining 

 

The cell slides were blocked for 1 h in 0.1 M phosphate-

buffered saline (PBS) with 5% FBS and 0.3% Triton X 

at 25° C. Following the blocking, the slides were 

washed and then exposed to 50 μL rabbit anti-Map-2 

antibody (AF4081, 1:200; Affinity Biosciences) 

overnight at 4° C. Subsequently, the cell slides were 

triple-rinsed with PBS, and each slide received 50–100 

μL fluorescein isothiocyanate secondary antibodies for 

1 h. Finally, DAPI was incubated on the cell slides in a 

dark room for 10 min. Images were captured using a 

fluorescent microscope, and the quantity of Map-2-

positive cells was determined using ImageJ software. 

 

Establishment of an OGD/R model of primary 

cortical neurons 

 

The primary cortical neurons were cultured until day 7, 

and after the OGD/R treatment, the primary cortical 

neurons were used to simulate in vitro HIBD. Following 

the substitution of glucose-deprived Neurobasal-A 

medium for the regular medium, the neurons were 

cultured in a hypoxic environment (1% O2, 5% CO2, 
and 94% N2) for 2 h at 37° C. Subsequently, the 

glucose-deprived Neurobasal-A medium was replaced 

with a neuron-specific medium, and the cells were 

incubated for 12 h in a standard incubator (37° C, 5% 

CO2, and 95% air). The normal group consisted of 

neurons that did not undergo OGD/R treatment.  

 

Cell transfection 

 

miRNA mimics, miRNA inhibitor, STAT3 siRNA, 

and their corresponding negative controls (mimics‐

NC, inhibitor‐NC, and si-NC) were synthesized by 

Ribobio (Guangzhou, China). Transfections in 

neurons were conducted using either the CP reagent 

(Ribobio, Guangzhou, China) or Lipofectamine 2000 

reagent (Invitrogen, Carlsbad, CA, USA), following 

the manufacturer’s protocol. 

 

Cell viability assay 

 

Cell viability was assessed using the Cell Counting Kit 

8 (C0037; Beyotime, Shanghai, China). In 96-well 
plates, 20 µL CCK-8 solution was added to each well, 

and neurons were then seeded at a density of 1 × 104 

cells/well. After a 2-hour incubation in a 37° C 

incubator, the absorbance for each well was recorded at 

450 nm. 

 

RNA isolation, complementary DNA (cDNA) 

synthesis, and RT-qPCR 

 

The total RNA was extracted using the Trizol reagent 

(Invitrogen) following the manufacturer’s protocol. The 

Reverse Transcription Kit (RR037A; Takara, Dalian, 

China) or the Bulge-Loop miRNA qRT-PCR starter kit 

(C10211; Ribobio) was employed for reverse-

transcribing the RNA into cDNA. Primer sequences are 

detailed in Table 1. Each sample was subjected to three 

technical replicates, and calculations were performed 

utilizing a relative quantitative technique, specifically 

the 2–ΔΔCt method. 

 

Protein isolation and Western blot 

 

The NP-40 lysis buffer (P0013F; Beyotime) was 

utilized, following the manufacturer’s protocol, to 

extract total protein from both the brains of neonatal 

rats and primary cortical neurons. In brief, the brains 

or neurons were immersed in the lysis buffer, and an 

ultrasonic processor was employed to disrupt the 

cerebral homogenate of rats or neurons. The BCA 

protein assay kit (P0010; Beyotime) was employed to 

determine the protein concentration. Subsequently, the 

protein samples were boiled at 10° C for 10 min and 

stored at –80° C. Following separation by 10% sodium 

dodecyl sulfate-polyacrylamide gel, the proteins were 

transferred onto nitrocellulose membranes (GE 

Healthcare, Chicago, IL, USA). The nitrocellulose 

membranes were then blocked with 5% BSA in Tris-

buffered saline with Tween 20 (TBS-T) at 25° C for 1 

h. Primary antibodies, specifically rabbit anti-STAT3 

(AF6294, 1:500; Affinity Biosciences) and rabbit anti-

β-Actin (81115-1-RR, 1:5,000; Proteintech), were 

applied to the nitrocellulose membranes overnight at 

4° C. On the following day, after the membranes were 

thrice washed with TBS-T, they were incubated at  

25° C with corresponding secondary antibodies 

coupled to horseradish peroxidase for 1 h. The ImageJ 

software was employed for semi-quantification of the 

protein band intensities, and each experiment was 

carried out in triplicate. 

 

Dual-luciferase reporter gene assay 

 

The bioinformatics websites miRDB (http://mirdb.org/), 

miRTarBase (http://mirtarbase.cuhk.edu.cn/php/index. 

php), and TargetScan (http://www.targetscan.org/ 

vert_72/) were employed to predict potential target 
genes of miR-124. The intersection of their predictions 

was used to identify STAT3 as a potential miR-124 

target gene. TargetScan was utilized to predict the 

http://mirdb.org/
http://mirtarbase.cuhk.edu.cn/php/index.php
http://mirtarbase.cuhk.edu.cn/php/index.php
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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Table 1. Primer sequences. 

Primers RT-PCR Primers (5′–3′) 
 

 
Forward  Reverse 

NEUROD1 

LAMC1 

ITGB1 

KLF15 

NR3C1 

CAV1 

STAT3 

GACGGGGTCCCAAAAAGAAAA 

AACTGCCACTGACATCAGAGT 

TGACCCCAATACCAATCTCCC 

CAGAGAGCGTCAAGGTCGC 

GACTCCAAAGAATCCTTAGCTCC 

GCGACCCCAAGCATCTCAA 

CACCTTGGATTGAGAGTCAAGAC 

GCCAAGCGCAGTGTCTCTATT 

ACTTTGGGGTCGTTAAACACTTC 

CCTGAAGTGAACTTGTGGCAG 

TTCGCACAAACTTTGAGGGCA 

CTCCACCCCTCAGGGTTTTAT 

ATGCCGTCGAAACTGTGTGT 

AGGAATCGGCTATATTGCTGGT 

Bcl-2 GCTACCGTCGTGACTTCGC CCCCACCGAACTCAAAGAAGG 

Bax AGACAGGGGCCTTTTTGCTAC AA TTCGCCGGAGACACTCG 

Caspase-3 CTCGCTCTGGTACGGA TGTG TCCCA TAAA TGACCCCTTCA TCA 

GAPDH CGACTTCAACAGCAACTCCCACTCTTCC TGGGTGGTCCAGGGTTTCTTACTCCTT  

 

binding sites for STAT3 and miR-124. In HEK293T 

cells, Lipofectamine 2000 was used to co-transfect WT 

or MUT STAT3 type luciferase reporter plasmid vectors 

with miR-124-mimic or NC-mimic. The Dual-

Luciferase Reporter Assay Kit (Promega, Madison, WI, 

USA) was used to measure renilla and firefly luciferase 

readings after harvesting cells 48 h post-transfection. 

 

Assessment of oxidative stress 

 

ROS production was assessed using the DCFH-DA 

probe (S0033; Beyotime). Neurons were treated with 

pre-formulated DCFH-DA in the dark for 20 min at  

37° C. Subsequently, the medium was removed, and 

neurons were rinsed thrice with a serum-free culture 

medium. The optical density (OD) values were either 

measured or captured using a fluorescence microscope. 

The content of 8-OHdG and MDA, as well as the 

activity of SOD, were determined using assay kits from 

Nanjing Jiancheng (Nanjing, China).  

 

Detection of mitochondrial impairment 

 

Mitochondrial-specific markers of living cells were 

identified using the Mito-Tracker Red fluorescent probe 

stain method, and the JC-1 assay was employed to 

assess the MMP in the OGD/R-treated cell model. After 

neuronal OGD/R, each well was treated with Mito-

Tracker Red working fluid (C1032; Beyotime) instead 

of the culture medium in a dark incubator at 37° C for 

30 min. Subsequently, the Mito-Tracker Red working 

fluid was replaced with fresh cell culture at 37° C, and 

images were captured using a fluorescent microscope. 

The mitochondrial red fluorescence staining was 

quantified using ImageJ software. For the JC-1 assay, 

after neuronal OGD/R, each well was treated with a JC-

1 working solution (C2006; Beyotime) instead of the 

culture medium for 20 min in a dark incubator at 37° C. 

Following this, JC-1 dye buffer was used to wash 

neurons three times, and images were captured with a 

fluorescent microscope. The shift from red (aggregates) 

to green (monomer) fluorescence indicated a decrease in 

MMP. Changes in JC-1 red and JC-1 green fluorescence 

intensity were calculated using ImageJ software. 

 

Animals and HIBD rat model 

 

Pregnant Sprague-Dawley rats were provided by the 

Animal Experimental Center of Huazhong University 

of Science and Technology. The rats were housed in 

specific-pathogen-free environments with a fixed 

light–dark cycle, maintained at 25±1° C with 55–60% 

relative humidity, and provided free access to food and 

water. To induce HIBD, rats weighing 15–18 g at 1 

week after birth were used, following the Rice–

Vannucci method [55]. Anesthesia induction involved 

3% isoflurane, and maintenance dosing was 1.5% 

isoflurane in newborn rats. The left common carotid 

artery was separated and ligated, and the skin and 

subcutaneous tissue were sutured. After a 1.5-hour rest 

with the mother, the newborn rats were exposed to 

warm conditions for 2 h (37° C, 8% O2, and 92% N2). 

The sham group underwent general anesthesia only for 

vessel separation. All procedures were performed 

under general anesthesia to minimize pain, maintain 

strict aseptic conditions, and ensure the warmth of 

neonatal rats. A total of 80 neonatal rats of both sexes 

were randomly assigned to four groups, each 

consisting of 20 rats: (1) sham group, (2) HIBD group, 

(3) HIBD + agomir NC group, and (4) HIBD + miR-

124 agomir group. 

 

Intracerebroventricular injection 

 

The newborn rats were anesthetized and subsequently 

placed into a stereotactic frame. A 10 μL needle 
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(Hamilton, Reno, NV, USA) was then inserted into the 

specified injection coordinates (2 mm in front of the 

posterior fontanelle, 1.5 mm to the side of the midline, 

and 3 mm below the skull surface). The miR-124 agomir 

and agomir NC (Ribobio, Guangzhou, China) were 

slowly injected (2 μL each, over 5 min) into the left lateral 

ventricle of the rat brain, administered once prior to the 

24-hour HIBD treatment for total one time. The needle 

was left in place for 10 min before being withdrawn to 

prevent liquid reflux. The dosage of miRNA was 

determined based on previous studies [56–58]. 

 

Neurological deficit score and early behavioral 

examination 

 

As previously mentioned, neurological deficits were 

assessed using the Zea-longa score on post-natal day 3 

(day 3), post-natal day 6 (day 6, 1 h before 

intracerebroventricular injection), and post-natal day 9 

(day 9, 48 h after the HIBD model was established) [59, 

60]. The scoring criteria were as follows: 0, no 

symptoms of neurological deficits; 1, left forepaw 

paresis; 2, rats turning to the ischemic side during 

crawling; 3, rats rolling to the ischemic side during 

crawling; and 4, inability to crawl spontaneously or loss 

of consciousness. The scores exhibited a positive 

correlation with brain damage, and a successful mold 

was duplicated with a score between 2 and 4. Early 

behavioral examinations were conducted using a 

double-blind method. The righting reflex time after 

placing neonatal rats on their backs was recorded on 

day 3, day 6, and day 9. Each rat’s average value was 

recorded three times, with a maximum test duration of 

30 s. On days 6 and 9, rats were placed on inclined 

planes tilted at 45° to assess negative geotaxis reflex. 

The time taken to rotate 180° and turn its head upward 

was recorded for each rat, with a maximum permitted 

test duration of 120 s. All assessments were evaluated 

and calculated by three professionals blinded to the 

experimental design. 

 

Infarct area measurements and brain water content 

 

The brain infarct volume was determined through 

2,3,5-triphenyltetrazolium chloride (TTC) staining. 

Neonatal rat brains were rapidly extracted on ice after 

inhalation anesthesia and kept in a -20° C refrigerator 

for ~15 min. Subsequently, the brains were sliced into 

2-mm-thick coronal planes, submerged in TTC 

staining solution, and stained for 30 min at 37° C in a 

dark incubator. The planes were rotated every 10 min 

during staining to ensure even exposure to the dye. 

After staining, the brain sections were submerged in 

4% paraformaldehyde overnight at 4° C. The TTC 

staining results showed result revealed that normal 

brains were consistently red, while yet the infarcted  

area appeared of infarction was white. The cerebral infarct 

area was measured using ImageJ software. The infarct  

Volume percentage was calculated using the formula:  

Infarct volume (%) = [(the contralateral hemisphere

 

 
 

Graphical Abstract. A Graphical abstract of miR-124 relieved oxidative stress and apoptosis on neonatal hypoxic–ischaemic 
brain damage. 
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area – non-infarcted ipsilateral hemisphere area) / 2 × (the 

contralateral hemisphere area)] × 100%. Following the 

measurement of the left cerebral hemisphere weight, the 

brain was dehydrated for 24 h at 80° C, and the weight of 

the dry brain was recorded. Brain water content was 

calculated using the formula: Brain water content (%) = 

[(the weight of wet brain – the weight of dry brain) / the 

weight of wet brain] × 100%. 

 

Hematoxylin and eosin (H&E) staining and Nissl 

staining 

 

The neuronal pathological changes in neonatal rats with 

HIBD were assessed using H&E and Nissl staining 

staining. The brains from each experimental group were 

extracted and perfused with cold PBS followed by a 4% 

paraformaldehyde solution. After overnight external 

fixation in a 4% paraformaldehyde solution, the brains 

underwent dehydration using sucrose solutions of 

varying concentrations. Subsequently, the brains were 

embedded in paraffin and sliced into 5-µm thick coronal 

sections for H&E staining, Nissl staining, and IHC. 

Standard protocols were employed for H&E staining 

and Nissl staining on the coronal brain sections, and 

images were captured using a light microscope. 

 

Immunohistochemistry (IHC) 

 

The paraffin-embedded sections were obtained following 

the procedure outlined for H&E staining. Samples were 

incubated with rabbit anti-8-OhdG antibody (bs-1278R, 

1:200; Bioss) overnight at 4° C and then rinsed three 

times with PBS. Subsequently, a secondary antibody was 

applied and incubated with samples at room temperature 

for 30 min. A reaction with diaminobenzidine resulted in 

a positive signal indicated by a tan color of the target 

protein. Images were captured using a light microscope, 

and the mean optical density value was computed using 

ImageJ software. 

 

Statistical analysis 

 

All results were expressed as the mean ± standard 

deviation of three replicates for each experiment. 

Statistical analyses were conducted using GraphPad Prism 

v6.0. The comparison between two groups was assessed 

using the Student’s t-test. Differences among multiple 

groups were analyzed using one-way analysis of variance 

followed by Tukey’s post-hoc tests. A significance level 

of p < 0.05 was considered statistically significant.  

 
Availability of data and materials 

 
The datasets used and/or analyzed during the current 

study available from the corresponding author on 

reasonable request. 
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