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Abstract
Recently, a growing body of research has shown that microRNAs (miRNAs) are crucial in the pathophysiological mecha-
nisms of brain disorders, miR-210 is one of the significant miRNAs implicated in these disorders, and its function in intra-
cerebral hemorrhage (ICH) is not yet fully understood. Research the impact of miR-210 on intracerebral hemorrhage and 
probe into its working mechanism. The ICH model was established by injecting collagenase into the basal ganglia of male 
C57/BL6 mice (n = 142). Firstly, the mice were divided into sham group (n = 6) and ICH group (n = 30) (3 h, 6 h, 12 h, 
24 h, 72 h), the samples of the sham group were collected at 48 h after operation, the brain tissues of the left and right 
basal ganglia were collected in each groupand. qPCR was used to detect the level of miR-210 in each group. Then, LV-
miR-210 was injected into the lateral ventricle to establish a model of miR-210 overexpression, and NS injection was set 
as a comparison, which was divided into sham group (n = 15), ICH group (n = 15), ICH + NS group (n = 15), and ICH + LV-
miR-210 group (n = 15). Water maze training was started on the 2 d after surgery. qPCR was used to detect the levels of 
miR-210, iNOS, IL-1β, IL-6, TNF-α, and IL-10 in each group at 3 d after operation. Western blotting was used to detect 
the levels of p-AMPK/AMPK, p-mTOR/mTOR, Beclin 1, Bax, Bcl-2, and LC3 II/I in each group. Immunofluorescence 
was used to detect the expression of lentivirus-mediated miR-210 in mouse brain. Water maze was used to evaluate the 
learning and memory function of the mice. The dry-wet method was used to evaluate brain edema, TUNEL was used to 
detect the apoptosis of brain cells in each group. Then, Rapamycin and AICAR were used to intervene p-AMPK/AMPK 
and p-mTOR/mTOR, and they were divided into sham group (n = 6), ICH group (n = 6), ICH + LV-miR-210 group (n = 6), 
ICH + LV-miR-210 + AICAR group (n = 6), and ICH + LV-miR-210 + Rapamycin group (n = 6). The levels of miR-210 in 
each group were detected by qPCR at 3 d after operation, and the levels of p-AMPK/AMPK, p-mTOR/mTOR, Beclin 1, 
Bax, Bcl-2, and LC3 II/I in each group were detected by WB. Finally, HT22 cells were stimulated with Hemin to con-
struct an in vitro intracerebral hemorrhage model, and the time gradient was set (control group, 3 h, 6 h, 12 h, and 24 h). 
qPCR was used to detect the expression of miR-210 in each group. Then HT22 cells were transfected with lentivirus, and 

Received: 8 January 2025 / Revised: 14 April 2025 / Accepted: 20 May 2025
© The Author(s) 2025

miR-210 Regulates Autophagy Through the AMPK/mTOR Signaling 
Pathway, Reduces Neuronal Cell Death and Inflammatory Responses, 
and Enhances Functional Recovery Following Cerebral Hemorrhage in 
Mice

Yao Wang1 · Lei Jiang1 · Jin-jie Tian1 · Lin-lin Zhu2 · He-jun Dai3 · Chao Guo1 · Ling-yun Zhou4 · Lei Wang5 · Yong Lu2 · 
Yi Zhang1

1 3

https://doi.org/10.1007/s11064-025-04434-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-025-04434-7&domain=pdf&date_stamp=2025-6-2
yy
高亮

yy
高亮



Neurochemical Research          (2025) 50:180 

Introduction

Intracerebral hemorrhage (ICH) is a significant health issue, 
accounting for approximately 15–20% of stroke incidents 
and characterized by high fatality and illness rates [1]. 
Furthermore, the incidence of intracerebral hemorrhage 
(ICH) demonstrates an age-dependent increase, while the 
elevated long-term mortality rates observed among younger 
ICH patients raise significant clinical concerns [2, 3]. And 
available treatment options are limited; and ICH imposes 
significant medical, economic, and social burdens. The clas-
sification of ICH stages typically encompasses the primary 
injury stage and the secondary injury stage. A haematoma 
develops subsequent to the abrupt rupture of a cerebral 
blood vessel. This event leads to mechanical trauma to sur-
rounding tissues and provokes a rapid escalation in intracra-
nial pressure, which is identified as a primary brain injury 
[4]. Nevertheless, after ICH, secondary inflammationm, 
mitochondrial dysfunction, oxidative stress, blood‒brain 
barrier (BBB) disruption, and alterations in the immune 
microenvironment significantly impact neuronal apoptosis 
and the subsequent process of functional recovery [5, 6]. In 
the past few years, a considerable amount of investigative 
research has been focused on exploring the process of sec-
ondary damage that follows intracerebral hemorrhage, with 
the main aim of uncovering novel therapeutic interventions 
aimed at managing this condition.

MicroRNAs (miRNAs) belong to a class of tiny non-
coding RNAs, roughly 22 nucleotides long, that bind to 
the 3’ untranslated region (3’ UTR) of certain genes. They 
either cause mRNA degradation or impede the translation 
process. Accumulating data suggests that miRNAs are piv-
otal in the meticulous regulation of immune cell develop-
ment, differentiation, as well as effector functions [7–9]. 
miR-210 is recognized as one of the key molecules involved 

in the hypoxic response, and its presence is powerfully 
triggered by hypoxia within numerous cellular and tissue 
types [10, 11]. miR-210 has been extensively studied and 
demonstrated to modulate a wide array of cellular activities, 
encompassing immune responses. This regulation has been 
a focal point of research in the field of molecular biology 
and genetics [12]. Upon activation of B-cells, miR-210 is 
upregulated, inhibiting B-cell reactions to hinder the devel-
opment of autoantibodies linked to aging. It functions as a 
controller of harmful Th17 cell development under hypoxic 
circumstances by adjusting HIF-1α, a crucial transcription 
factor involved in Th17 differentiation, through a negative 
feedback loop [13]. Furthermore, miR-210 demonstrates the 
capacity to diminish the proinflammatory response in carti-
lage cells and within the joints of rats that have undergone 
lipopolysaccharide (LPS)-induced osteoarthritis (OA). This 
effect is mediated through the targeting of DR6 and the sub-
sequent suppression of the NF-κB signaling pathway [14, 
15]. Hence, miR-210 seemingly serves as a pivotal molecu-
lar brake on inflammatory responses in adults. However, 
the exact function of miR-210 in the setting of intracerebral 
hemorrhage (ICH) remains unclear.

The AMPK and mTOR signaling cascades are crucial 
for cellular growth, division, and energy processes. Stud-
ies have shown that miR-210 promotes the development of 
hepatocellular carcinoma (HCC) through its regulation of 
macrophage self-eating. miR-210 serves as a pivotal modu-
lator of autophagy in M2 macrophages via its interaction 
with the PI3K/AKT/mTOR signaling cascade. This sub-
sequently has a considerable influence on the growth and 
spread of HCC cells [16]. Furthermore, under hypoxic con-
ditions, the upregulation of miR-210 has been demonstrated 
to prevent cardiomyocyte apoptosis and autophagy, thereby 
mitigating the detrimental effects of oxygen deprivation on 
the heart. This protective mechanism also encompasses the 
modulation of the AMPK/mTOR signaling pathway [17]. 

rapamycin and AICAR were used to interfere with p-AMPK/AMPK and p-mTOR/mTOR. Control group, Hemin group, 
Hemin + LV-miR-210 group, Hemin + LV-miR-210 + AICAR group, and Hemin + LV-miR-210 + Rapamycin group. qPCR 
was used to detect the level of miR-210 in each group. The levels of p-AMPK/AMPK, p-mTOR/mTOR, Beclin 1, Bax, 
Bcl-2, and LC3 II/I in each group were detected by Western blotting. miR-210 is significantly increased in a short time 
after intracerebral hemorrhage in mice. miR-210 can alleviate secondary injury of ICH by improving neurological deficit 
and reducing brain edema. In addition, upregulation of miR-210 expression inhibited autophagy and alleviated apoptosis 
and inflammation. In our study, we found that miR-210 significantly inhibited the activation of AMPK/ mTOR pathway 
triggered by ICH, and the neuroprotective effect of miR-210 was partially reversed when Rapamycin and AICAR reversed 
this inhibition. At the mechanistic level, miR-210 exerts its function by regulating AMPK/mTOR signaling pathway, 
thereby inhibiting autophagy and reducing apoptosis and inflammation. Further studies at the cellular level were basically 
consistent with the above results. miR-210 is up-regulated after ICH and can play a neuroprotective role by regulating the 
AMPK/mTOR signaling pathway mediated by autophagy, suggesting that it may become a therapeutic target for reducing 
nerve injury after ICH.

Keywords  miR-210 · Cerebral hemorrhage · Autophagy · Apoptosis · Neuroinflammation
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In multiple myeloma (MM), the NBR2/miR-561-5p/DLC1 
pathway functions to inhibit glycolysis by stimulating the 
AMPK/mTOR pathway. This finding reveals the probable 
function of miR-210 in modulating metabolic activities [18]. 
Consequently, miR-210 exerts a significant influence on a 
multitude of diseases by modulating the AMPK/mTOR sig-
naling pathway. Further research endeavors may elucidate 
the precise mechanisms underlying the function of miR-210 
within these signaling cascades, thereby presenting novel 
therapeutic targets for the associated pathologies.

Remarkably, studies involving human participants have 
shown that miR-210 serves as a unique indicator for acute 
cerebral ischemia and congestive heart failure [19], indi-
cating that the findings of preclinical investigations into 
miR-210 have the potential to be translated into clinical 
applications. Therefore, we postulate that it may also play a 
role in the subsequent injury following intracerebral hemor-
rhage (ICH) and holds promise as both a biomarker and a 
therapeutic focus for ICH.

Methods and Materials

Animals

The experimental procedures involving 142 male C57/BL6 
mice (8 weeks old, weighing between 20 and 25 g) in this 
study were approved by the Animal Ethics Committee of 
Nantong University. Mice were randomly assigned to three 
experimental cohorts (Fig.  1.1), and the allocation of the 
groups was concealed from the researchers to ensure objec-
tivity. These mice were housed in a controlled environment 
with optimal conditions of temperature, humidity, and a 
standardized 12-hour light-dark cycle. Prior to the induction 
of ICH, the mice were allowed at least three days of accli-
mation with unrestricted access to food and water.

Establishment of the ICH Model

An ICH mouse model was created through intracranial 
collagenase injection, following methods outlined in pre-
vious literature [4]. The mice were anesthetized with a 
2.5% avertin solution (Sigma‒Aldrich, St. Louis, MO), 

Fig. 1.1  In Vivo experimental workflow and cohort stratification
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evaluations post-administration are presented in Figure S1 
and Supplementary file 1.

Cell Culture and Experimental Design

HT22 cells were cultured in DMEM medium supplemented 
with 10% fetal bovine serum at 37 ° C with 5% CO₂, and 
the medium was changed every 48 h. The cells were treated 
with 200 µmol/L hemin [23] to establish an in vitro intra-
cerebral hemorrhage model, which was divided into con-
trol group. The expression of miR-210 (gapdh normalized) 
was analyzed by qPCR in Hemin groups (3 h, 6 h, 12 h and 
24 h), and 12 h was the best exposure time for subsequent 
intervention. Drug combination therapy studies combined 
LV-miR-210 with either AICAR (1.0 mmol/L, AMPK acti-
vator) or rapamycin (250 nmol/L, mTOR inhibitor) dur-
ing hemin exposure [24], resulting in five groups: Sham 
group, ICH group, ICH + LV-miR-210 group, ICH + LV-
miR-210 + AICAR group and ICH + LV-miR-210 + Rapamy-
cin group. The protein levels of autophagy (LC3I/II, 
Beclin1), apoptosis (Bax, Bcl-2) and AMPK/mTOR sig-
naling pathway (p-AMPK/AMPK, p-mTOR/mTOR) were 
analyzed by Western blot with β-actin as loading control. 
Cell grouping is shown in Fig.  1.2, Cell transfection and 
screening are detailed in Supplementary file 2.

qPCR Analysis

RNA was extracted from brain tissue samples (n = 6 in each 
group, and 2 d after ICH induction in the sham group) using 
a total RNA extraction solution (Solarbio, Beijing, China; 
catalogue: R1100). RNA concentration was determined 
using a NanoDrop One spectrophotometer (Thermo, USA). 

administered intraperitoneally (IP) at a dose of 0.14 ml per 
10 g of body weight. Under a stereoscopic microscope and 
using a microsyringe pump, 6 µl of collagenase VII (Sigma‒
Aldrich, St. Louis, MO) were precisely infused into the left 
basal ganglia. The injection coordinates were set at 0.2 mm 
posterior to the coronal suture, 2.2 mm lateral to the sagittal 
suture, and 3.5 mm deep from the dura mater, in accordance 
with established guidelines [20]. Post-injection, the needle 
was kept in place for 5 min before being gently withdrawn, 
and the cranial hole was sealed with bone wax. For the sham 
control group, the needle insertion was performed without 
any collagenase injection.

Injection of Drugs

LV-miR-210-copGFP, obtained from Youxi Weinan Bio-
technology Co., Ltd. (located in Fujian, China), was utilized 
in this study. Precisely, 2.2 µl of LV-miR-210 solution con-
taining a total titer of 2 × 10^9 TU/ml, or an equivalent vol-
ume of saline, was infused into the lateral ventricle of the 
mice. The injection coordinates were established as 0.3 mm 
posterior to bregma, 1.0 mm lateral, and 2.3 mm deep, with 
the injection proceeding at a rate of 0.2 ml/min.

Furthermore, rapamycin and AICAR, both acquired from 
MedChemExpress (headquartered in Monmouth Junction, 
NJ, USA), were used in the experiment. The mice were 
injected with 2 µl of 1 µM/ml rapamycin and 2 µl of 0.2 
µM/ml AICAR [21, 22], respectively, using the same injec-
tion technique as previously described.

The lentiviral concentration and time gradient experi-
mental results, statistical trends of mNSS Score changes 
following surgery, and pharmacological safety and efficacy 

Fig. 1.2  In vitro experimental workflow and cohort stratification

 

1 3

  180   Page 4 of 14



Neurochemical Research          (2025) 50:180 

phosphatase inhibitors, protease inhibitors, and phenyl-
methylsulfonyl fluoride to ensure thorough extraction of 
soluble proteins. A Thermo Fisher Scientific quinolinic acid 
kit facilitated the measurement of protein concentration. 
An equivalent quantity of protein was electrophoresed onto 
10% SDS-PAGE gels. Post-electrophoresis, the proteins 
were transferred onto a PVDF membrane with a pore size 
of 0.45 μm for further analysis. A blocking procedure was 
performed using 5% non-fat milk for 2 h at 4 °C. Follow-
ing this, the membranes were incubated overnight with spe-
cific antibodies directed against Bcl-2, Bax, LC3, Beclin 1, 
AMPK, p-AMPK, mTOR, p-mTOR, and β-actin, sourced 
from Proteintech Group (China) and Bioworld Technology 
(USA), among others, at a dilution of 1:800. Subsequently, 
the membranes were incubated with a secondary antibody, 
chosen based on the species and isotype of the primary anti-
body, for 2 h at 4℃ with a dilution of 1:5000. Enhanced 
chemiluminescence was employed to visualize the immune 
signals.

Immunofluorescence

After a 30-minute re-warming, the sections were washed 
three times with PBS containing 0.3% Triton X-100, each 
wash lasting 10  min. They were then blocked with 10% 
fetal bovine serum (FBS) for 1  h at 37℃. Subsequently, 
the sections were incubated overnight at 4℃ with primary 
antibodies, such as anti-Iba-1 (Proteintech Group, USA; 
10904-1-AP), anti-GFAP (Abcam, UK; ab278054), anti-
NeuN (Abcam, UK; ab104224), and others, diluted 1:50. 
After three 5-minute PBS washes, the sections were treated 
with fluorescent secondary antibodies for 2 h at room tem-
perature. Following three additional 5-minute PBS washes, 
they were stained with DAPI for 30 min. The sections were 
examined under a fluorescence microscope.

TUNEL Staining

A TUNEL kit from Abbkine (catalogue number: KTA2010) 
was used to detect apoptosis in brain cells. Brain tissue sec-
tions were warmed to 37℃ for 30 min and then fixed with 
4% paraformaldehyde for 15  min. After two washes with 
PBS, the sections were treated with 20 µg/mL proteinase K 
at 37℃ for 5 min. They were then washed with buffer for 
5 min and incubated in a DNA labelling solution at 37℃ 
for 1 h. After rinsing with PBS for 5 min, the sections were 
incubated in an antibody solution at 25℃ for 30 min. Fol-
lowing a rinse with double-distilled water and an additional 
5-minute incubation, the sections were mounted and sealed 
using DAPI Fluoromount-G.

The isolated RNA was then reverse transcribed into cDNA 
with PrimeScriptTM RT Master Mix (TakaraBio, Japan; 
catalogue number: RR036A-1). qRT-PCR analysis was per-
formed using BeyoFastTM SYBR Green qPCR Mix (2x, 
Low ROX) (Beyotime, Jiangsu, China; catalogue number: 
D7262) on a 7500 instrument (Thermo Fisher, USA). Target 
gene expression levels were normalized to GAPDH using a 
real-time fluorescent quantitative PCR system. The specific 
primers for qRT-PCR are listed in Table 1.

Assessment of Neurological Deficits

Neurological deficits were assessed using the modified 
Neurological Severity Score (mNSS), a composite scale 
evaluating motor, sensory, cognitive, reflex, and abnormal 
movement functions, with scores ranging from 0 (normal) 
to 18 (maximal deficit) [25]. Higher scores indicate more 
severe neurological impairment. The mNSS was recorded 
for each experimental group at 7 d post-intracerebral hem-
orrhage (ICH) to quantify neurological dysfunction.

Brain Edema Assessment

To measure brain water content, the standardized dry-wet 
technique was used. Following euthanasia, the mice brains 
were swiftly removed, and their wet weight was recorded. 
The brains were then dried at 100℃ for 24 h to obtain the 
dry weight. Afterward, the percentage of brain water con-
tent was derived using the formula: [(wet weight minus dry 
weight) divided by wet tissue weight] multiplied by 100% 
[26].

Western Blot Analysis

Tissue samples from the left hemisphere of mice were 
acquired for research purposes. Extraction of proteins was 
carried out using a tissue lysis buffer that incorporated 

Table 1  Primer sequences utilized for qPCR analysis
Name Sequence
MIR-210 F: ​A​G​C​G​T​G​C​T​G​T​G​C​G​T​G​T​G​A​C R: ​C​

A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T
GAPDH F: ​G​G​C​A​A​G​T​T​C​A​A​C​G​G​C​A​C​A​G​T R: ​

A​T​G​A​C​A​T​A​C​T​C​A​G​C​A​C​C​G​G​G
IL-1β F: ​T​C​A​T​T​G​T​G​G​C​T​G​T​G​G​A​G​A​A​G R: ​

A​G​G​C​C​A​C​A​G​G​T​A​T​T​T​T​G​T​C​G
IL-6 F: ​G​C​C​T​T​C​T​T​G​G​G​A​C​T​G​A​T​G​C​T R: ​

T​G​G​A​A​A​T​T​G​G​G​G​T​A​G​G​A​A​G​G​A​C
IL-10 F: ​G​C​T​C​T​T​A​C​T​G​A​C​T​G​G​C​A​T​G​A​G R: ​

C​G​C​A​G​C​T​C​T​A​G​G​A​G​C​A​T​G​T​G
TNF-α F: ​A​C​A​G​A​A​A​G​C​A​T​G​A​T​C​C​G​C​G​A R: ​

T​T​G​C​T​A​C​G​A​C​G​T​G​G​G​C​T​A​C
iNOS F: ​C​A​A​G​A​G​T​T​T​G​A​C​C​A​G​A​G​G​A​C​C 

R: ​T​G​G​A​A​C​C​A​C​T​C​G​T​A​C​T​T​G​G​G​A
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However, this elevation was comparatively slower and less 
pronounced compared to that observed on the injured side.

Each experiment was repeated six times, and the find-
ings are displayed as mean ± SEM. The symbol # signifies 
P<0.05 when compared to the contralateral side, the nota-
tion & represents P<0.05 in relation to the sham group, ns 
mean P>0.05.

Achieving miR-210 Overexpression in Mouse Brain 
via Lentiviral Vector Mediation

To ascertain the transfection efficacy of the lentiviral vec-
tor within the mouse brain, we conducted a study utilizing 
immunofluorescence dual staining to quantify the expres-
sion of the lentiviral vector in neuronal cells three days post-
modeling (five days post-injection of the lentiviral vector 
into the lateral ventricle). The experimental findings dem-
onstrated that copGFP was co-localized with NeuN, GFAP, 
and Iba-1, indicating that the lentiviral vector was capable 
of being expressed in neurons, astrocytes, and microg-
lia (Fig.  3B). Furthermore, qPCR validation affirmed that 
LV-miR-210 treatment led to a notable increase in miR-210 
expression in mouse brain tissue (Fig. 3C). Therefore, these 
findings suggested that miR-210 could be effectively over-
expressed in the mouse brain through gene transfection.

In Mice, miR-210 has the Potential to Mitigate 
Neurological Impairments and Decrease Cerebral 
Edema Following ICH

Following induced intracerebral hemorrhage (ICH), mice 
in the experimental groups showed notable cognitive and 
memory decline compared to the sham group. Specifically, 
the escape latency of mice in the ICH + LV group was sub-
stantially shorter than that of the ICH-only and ICH + NS 
groups (Fig. 4B). Additionally, the ICH + LV group spent less 
time searching for the target platform (Fig. 4C) and crossed 
it less frequently (Fig. 4D), indicating improved learning, 
cognitive function, and memory retention post-ICH with 
miR-210 overexpression. The dry-wet method revealed that 
brain water content was lower in the LV-miR-210-treated 
ICH group compared to the ICH-only and ICH + NS groups 
(Fig.  4E). Furthermore, modified neurological severity 
scores (mNSSs) (Fig.  4F) showed that ICH compromised 
neurological function, but LV-miR-210 treatment partially 
mitigated neurological dysfunction or facilitated recovery.

miR-210 Inhibited ICH-Induced Autophagy and 
Reduced Apoptosis and Neuroinflammation

As evidenced by the Western blotting analysis (Fig.  5A 
and B), both the ICH and ICH + NS groups displayed 

Maze of Water

To evaluate cognitive functions (learning and memory) in 
mice, the Morris water maze test was conducted [22]. Train-
ing began the day after ICH. In each session, a mouse was 
placed in the center of one quadrant, facing the pool wall, 
and allowed to swim freely. Over five consecutive days, 
each mouse underwent four daily trials, followed immedi-
ately by placement in a dry cage after each trial. To ensure 
the recovery of strength and the maintenance of body tem-
perature, the trials were performed 15 min. On day 7, the 
memory of each mouse was tested by placing the mouse in 
the quadrant farthest from the platform. ANY-maze, a path 
analysis software, was employed to assess latency, swim-
ming speed, swimming distance, and additional parameters.

Statistical Analysis

Data were expressed as mean ± SEM. Comparisons of 
means among multiple groups were analyzed using one-
way ANOVA. Image processing and data analysis were con-
ducted using ImageJ software and GraphPad Prism (version 
9.0). A P < 0.05 was considered statistically significant.

Results

miR-210 was Transiently and Significantly 
Upregulated in the Brain Tissue of Mice After ICH

qPCR analysis of brain tissue obtained from the ipsilat-
eral (left) hemisphere of mice subjected to ICH has dem-
onstrated (Fig.  2) that the overall expression of miR-210 
in brain tissue was upregulated following ICH, attaining 
a peak approximately 6 h post-injury, thereafter gradually 
declining. It is worth mentioning that the level of miR-
210 expression also rose in the opposite brain hemisphere. 

Fig. 2  Levels of miR-210 in mouse brain tissue post-intracerebral hem-
orrhage at various time points

 

1 3

  180   Page 6 of 14



Neurochemical Research          (2025) 50:180 

Activating the AMPK/mTOR Signaling Pathway 
Negated the Neuroprotective Benefits of miR-210

AICAR, the first discovered activator of AMPK, has been 
extensively utilized in research endeavors pertaining to 
AMPK. Animal experiments have shown that AICAR can 
activate AMPK in different tissues [27]. Western blot anal-
ysis revealed that miR-210 inhibited ICH-induced AMPK 
phosphorylation (Fig. 5A and B), whereas the AMPK acti-
vator AICAR promoted AMPK phosphorylation (Fig.  6A 
and B) and, to some extent, inhibited mTOR phosphoryla-
tion. In addition, miR-210 inhibited ICH-induced p-mTOR 
downregulation (Fig.  5A and B), and this impact was 
quenched by the mTOR inhibitor rapamycin (Fig. 6A and 
C). The results indicate that miR-210 can inhibit the phos-
phorylation of components within the AMPK/mTOR sig-
naling cascade.

AICAR and rapamycin abrogated the miR-210-mediated 
inhibition of Beclin1 and LC3II and upregulated these pro-
teins (Fig. 6A and E, and 6H). Furthermore, the observed 
effect was an upregulation of Bax expression (refer to 

significantly heightened protein expression of LC3-II, 
Beclin 1, and Bax compared to the sham group, while Bcl-2 
levels were markedly decreased. In contrast, the LV-miR-
210-treated group exhibited notably reduced protein lev-
els of LC3-II, Beclin1, and Bax, along with a significant 
increase in Bcl-2 expression, compared to both the ICH and 
ICH + NS groups. The qPCR results further indicated that 
the mRNA levels of iNOS, IL-1β, IL-6, and TNF-α were 
substantially lower in the LV-miR-210 group than in the 
ICH and ICH + NS groups, while the IL-10 mRNA level was 
comparatively higher (Fig.  5C). Additionally, the TUNEL 
assay results provided further verification (Fig. 5D and E) 
that miR-210 overexpression alleviated ICH-induced apop-
tosis. Notably, LV-miR-210 treatment resulted in decreased 
p-AMPK levels and increased p-mTOR levels (Fig. 5A and 
B). Taken together, these findings suggest that miR-210 
can suppress ICH-induced autophagy, reduce ICH-induced 
apoptosis and inflammation, and that this effect is partly 
mediated by modulation of the AMPK/mTOR signaling 
pathway.

Fig. 3  Lentivirus-mediated Expression of miR-210 in Mouse Brain. 
(A) Coronal section of the mouse brain following induction of intrace-
rebral hemorrhage (ICH); the designated boxes delineate the regions 
where immunofluorescence and TUNEL staining assessments were 
conducted. (B) Microscopic images demonstrating dual immunoflu-
orescence staining for copGFP/NeuN, copGFP/GFAP, and copGFP/
Iba-1 post lentiviral injection; scale bar equals 25 micrometers. (C) 

PCR analysis was conducted five days post-administration of LV-
miR-210 and normal saline (NS) to quantify miR-210 expression in 
ipsilateral brain tissue. Each experiment was replicated six times, and 
the results are presented as mean ± SEM. ####Statistical significance: 
P < 0.0001; &&& denotes P < 0.001 when compared to the sham 
group; && denotes P < 0.01 when compared to the sham group
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Bcl-2 protein was increased, the use of AICAR and rapamy-
cin significantly reversed the effect of miR-210 (Fig. 7C and 
D).

Discussion

The aim of this study was to investigate the effects of miR-
210 following intracerebral hemorrhage. Secondary brain 
injury mechanisms exhibit a partial overlap between intra-
cerebral hemorrhage and cerebral ischemia, particularly in 
terms of inflammatory responses, oxidative stress, blood-
brain barrier disruption, and apoptosis [3, 28]. Studies have 
indicated that miR-210’s expression and activity are crucial 
in brain cells, particularly in pathological scenarios such as 
brain tumors and ischemic brain damage. The transcription 
factor HIF-1α, induced by hypoxia, regulates the expres-
sion of miR-210-3p in glioma cells. Increased miR-210-3p 
levels are linked to the advancement of epithelial-mesen-
chymal transition (EMT) and chemotherapy resistance, 
showing a strong connection with TGF-β expression [29]. 
Furthermore, there are notable variations in miR-210 

Fig.  6A and F) and a corresponding downregulation of 
Bcl-2 expression (refer to Fig. 6A and G). Taken together, 
these findings indicate that promoting AMPK/mTOR phos-
phorylation partially reverses miR-210-mediated autophagy 
inhibition and protection against neuronal apoptos.

Role of miR-210 in Hemin-Treated HT22 Cells

To further validate our results at the cellular level, we 
constructed an in vitro ICH model and conducted inter-
vention experiments. Results As shown in Fig.  7A, after 
Hemin exposure (200 µmol/L), the expression of miR-210 
in HT22 neurons was up-regulated in a time-dependent 
manner, reaching a peak at 6 h and 12 h, and then gradu-
ally decreasing, which established a time point for subse-
quent intervention. Lentiviral overexpression of miR-210 
synergistically amplified hemin-induced miR-210 eleva-
tion (Fig.  7B), inhibited hemin-induced p-AMPK/AMPK 
activation and p-mTOR/mTOR inhibition, and resulted in 
decreased autophagy-related proteins LC3II/I and Beclin 
1 and apoptosis-related protein Bax. While the increase of 

Fig. 4  Depicts the impact of miR-210 on neurological deficiencies and 
brain edema in mice following induced by ICH. (A) Typical swimming 
patterns of mice from each group were noted during the Morris water 
maze testing phase. (B) The study explored the effect of miR-210 on 
the escape latency times observed in the Morris water maze test. (C) 
The instances of platform crossings encountered during the probe trial 
were documented. (D) The duration mice spent in the correct quad-
rant during the probe trial was measured.(E) Brain water content was 
individually measured for each group, albeit this information did not 

directly correspond with the results of the probe trial. (F) Seven days 
post-ICH induction, modified neurological severity scores (mNSS) 
were assessed for mice in each group. All experiments were conducted 
six, yielding results presented as mean ± SEM. Statistical significance: 
##P < 0.01, #P < 0.05 indicate significant differences compared to the 
sham group, with &&&P < 0.001 and &&P < 0.01 denoting highly sig-
nificant and significant differences, respectively, when compared to the 
sham group’s performance
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Fig. 5  miR-210 inhibited ICH-induced autophagy and attenuated apop-
tosis and neuroinflammation. (A) Western blot analysis was employed 
to measure Beclin1, Bax, and Bcl-2 levels, as well as the LC3II/I, 
p-AMPK/AMPK, and p-mTOR/mTOR ratios in the brain tissue of 
mice from each group. (B) A quantitative assessment was conducted 
to determine the protein levels of Beclin1, Bax, and Bcl-2, and the 
ratios of LC3II/I, p-AMPK/AMPK, and p-mTOR/mTOR. (C) Real-
time PCR was used to investigate the expression of iNOS, IL-1β, 
IL-6, TNF-α, and IL-10 in the brain tissue of mice from each group. 

(D) Brain sections were stained with TUNEL (green) to detect apop-
totic cells and counterstained with DAPI (blue) to visualize nuclei; 
the scale bar is 100 μm. (E) The percentage of TUNEL-positive cells 
was calculated. All qPCR experiments were performed six times, WB 
experiments were performed three times. and the results are presented 
as mean ± SEM. Significance levels: ####P < 0.0001, ###P < 0.001, 
##P < 0.01, #P < 0.05; &&&P < 0.001, &&P < 0.01, &P < 0.05 compared to 
the sham group
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level and role of miR-210 in brain cells hold significance 
under various pathological circumstances.

This investigation has uncovered that miR-210 offers sig-
nificant protection against injury caused by ICH in mice. 
This protective effect is achieved by suppressing autophagy 
and apoptosis processes. Moreover, miR-210 offers protec-
tion against subsequent damage after ICH, at least partially, 
by inhibiting autophagy regulated by the AMPK/ mTOR 
signaling pathway (Fig. 8). The levels of miR-210 expres-
sion are tightly linked to the inflammatory response that fol-
lows ICH. Studies have shown that miR-210 has the ability 

expression among patients with acute cerebral infarction, 
and its decreased expression is negatively correlated with 
patient survival rates, suggesting its potential value in the 
clinical diagnosis and prognosis of acute cerebral infarction 
[30]. miR-210 also influences the migration of neural pre-
cursor cells (NPCs) under hypoxic conditions. Studies have 
indicated that bone marrow-derived mesenchymal stem 
cells (BMSCs) can enhance NPC migration under hypoxic 
conditions by upregulating miR-210, a process that may be 
linked to elevated VEGF-C levels [31]. This migratory abil-
ity is essential for nerve regeneration. Hence, the expression 

Fig. 6  Promoted activation of AMPK/mTOR signaling reversed the 
neuroprotective effects of miR-210. (A) Western blot analysis was 
performed to assess the levels of Beclin 1, Bax, Bcl-2, and the ratios 
of LC3 II/I, p-AMPK/AMPK, and p-mTOR/mTOR in mouse brain 
tissue from each group. Subsequently, a quantitative evaluation was 
conducted specifically on the ratios of p-AMPK/AMPK, p-mTOR/

mTOR, and LC3II/I, as well as the protein abundance of Bax, Bcl-
2, and Beclin1, as detailed in (B), (C), (D), (E), (F), (G), (H). All 
experiments were performed three times. and the results are presented 
as mean ± SEM. Significance levels: ####P < 0.0001, ###P < 0.001, 
##P < 0.01, #P < 0.05; &&&P < 0.001, &&P < 0.01, &P < 0.05 compared to 
the sham group
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which further confirms its neuroprotective role following 
ICH.

miR-210 has emerged as a potential biomarker, with vari-
ations in its expression levels linked to patient functional 
recovery and long-term survival [30]. These observations 
imply that miR-210 could serve both as a diagnostic marker 
and a significant predictor of treatment response [30, 32]. 

to downregulate the expression of pro-inflammatory factors, 
consequently alleviating the inflammatory harm to brain tis-
sue. This suppression may contribute to reducing secondary 
brain injury and enhancing neurological function recov-
ery. In this study, the administration of miR-210 resulted 
in improved motor function and decreased brain swelling, 

Fig. 7  Role of miR-210 in Hemin-treated HT22 cells (A), (B) miR-210 
level in each group; (C) Western blot analysis was performed to assess 
the levels of Beclin 1, Bax, Bcl-2, and the ratios of LC3 II/I, p-AMPK/
AMPK, and p-mTOR/mTOR in HT22 from each group. Subsequently, 
a quantitative evaluation was conducted specifically on the ratios of 
p-AMPK/AMPK, p-mTOR/mTOR, and LC3II/I, as well as the pro-

tein abundance of Bax, Bcl-2, and Beclin1, as detailed in (D). All 
qPCR experiments were performed six times, WB experiments were 
performed three times, and the results are presented as mean ± SEM. 
Significance levels: ####P < 0.0001, ###P < 0.001, ##P < 0.01, #P < 0.05; 
&&&P < 0.001, &&P < 0.01, &P < 0.05 compared to the sham group
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absence of clinical ICH validation cohorts weakens this 
hypothesis.

Furthermore, the neuroprotective role of miR-210 in 
ICH—potentially mediated through autophagy modula-
tion, anti-apoptotic effects, or inflammatory suppression—
requires mechanistic validation. Importantly, the contrasting 
expression patterns between ischemic and hemorrhagic 
stroke subtypes raise concerns about therapeutic targeting: 
miR-210 agonism in ICH may inadvertently exacerbate 
ischemic vulnerability. Future studies will rigorously evalu-
ate the context-dependent efficacy and safety profiles of 
miR-210 manipulation, utilizing cell-type-specific knockout 
models and dual pathology assessments.

Conclusions

In summary, miR-210 has a neuroprotective effect in vivo 
after ICH and can inhibit autophagy, apoptosis and neuro-
inflammation induced by ICH to a certain extent, at least 
in part through the AMPK/mTOR signalling pathway. miR-
210 could be a promising candidate for preventing and treat-
ing secondary injury in haemorrhagic stroke patients.
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