
Am J Transl Res 2021;13(3):1064-1074
www.ajtr.org /ISSN:1943-8141/AJTR0127378

Original Article
miR-24 targets HMOX1 to regulate inflammation and 
neurofunction in rats with cerebral vasospasm  
after subarachnoid hemorrhage

Xiaodong Deng1*, Chong Liang2*, Lei Qian1*, Qi Zhang3

1Department of Neurosurgery, The First Affiliated Hospital of China Naval Medical University, Shanghai City, China; 
2Department of Neurosurgery, Jinling Hospital, Nanjing University School of Medicine, Nanjing, Jiangsu Province, 
China; 3Department of Cerebrovascular Diseases, Brain Hospital Affiliated to Tongji University, Shanghai City, 
China. *Equal contributors and co-first authors.

Received December 1, 2020; Accepted January 11, 2021; Epub March 15, 2021; Published March 30, 2021

Abstract: Objective: To investigate the effects of miR-24 and HMOX1 on the inflammatory response and neuro-
logical function in rats with cerebral vasospasm (CVS) after subarachnoid hemorrhage (SAH). Methods: Fifteen 
Sprague-Dawley rats were randomly assigned to the sham group (sham operation, treated with normal saline). Rat 
model of SAH-induced CVS was established in 90 rats, and these rats were randomly divided into the model, miR-
24 NC (treated with miR-24-NC vector), miR-24 inhibitor (treated with miR-24 inhibitor vector), HMOX-NC (treated 
with HMOX1-NC vector), oe-HMOX1 (treated with HMOX1 overexpression vector), and miR-24 inhibitor + si-HMOX1 
(treated with miR-24 inhibitor and si-HMOX1 vectors) groups. Adenoviral vectors containing the target sequences 
were injected into the hippocampus of the rats in the corresponding groups. Dual-luciferase reporter assay was con-
ducted to verify the relationship between miR-24 and HMOX1. The learning and memory abilities, neurological func-
tion, cerebral edema, permeability of blood-brain barrier, myeloperoxidase activity, and levels of miR-24, HMOX1, 
interleukin-6, tumor necrosis factor-α, superoxide dismutase, and malondialdehyde in rats were examined. Results: 
miR-24 could negatively regulate HMOX1 expression. SAH-induced CVS was accompanied with increased miR-24 
expression and decreased HMOX1 expression. Inhibiting miR-24 expression or enhancing the expression of its down 
streaming target, HMOX1, could partly reverse the increased oxidation and inflammation as well as functional defi-
cits in the rats. Moreover, the effects of miR-24 inhibitor could be reversed by inhibiting HMOX1 expression. Conclu-
sion: miR-24 downregulation can promote HMOX1 expression, thereby decreasing the inflammatory response and 
improving the neurological function of rats with CVS after SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a common 
type of hemorrhagic stroke with high mortality 
and morbidity rates which have been increas-
ing in recent years [1]. In most cases, survivors 
of SAH cannot be fully recovered and show defi-
cits in communication, memory, and executive 
functions [2]. Cerebral vasospasm (CVS), a key 
complication of SAH, has an occurrence rate of 
30%-70% in SAH patients. CVS is the major 
cause of death and disability in patients with 
SAH and is one of the main causes of delayed 
cerebral ischemia (DCI) after aneurysmal SAH 
[3, 4]. The total incidence rate of CVS, DCI, and 
infarction-induced neurological sequelae, such 

as neurological dysfunction and learning dis-
ability, is 10% to 20% [5]. Although it has been 
more than 60 years since the discovery of SAH-
induced arteriostenosis, a better understand-
ing of the pathophysiological mechanism of 
CVS is still a hotspot [6]. It is believed CVS may 
be induced by oxidative stress, inflammatory 
response, cellular apoptosis, and toxic sub-
stances stimulation following SAH, but the 
detailed mechanism remains unclear and no 
effective preventative measures currently exist 
[7].

MiRNAs, which are highly conservative in hu- 
mans, can regulate about 30% of all human 
genes and serve critical roles in neurodevelop-
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ment, neuroplasticity, and other neurobiologi-
cal processes and diseases [8]. Aberrant regu-
lation of miRNA is associated with a series of 
nervous system disorders [9-12]. For example, 
miR-15a is found to be a miRNA related to SAH-
induced CVS, and its expression is significantly 
increased in patients with SAH [13]. Some stud-
ies reported that the upregulation of miR-24 
can lead to SAH-induced CVS by inhibiting the 
expression of endothelial nitric oxide synthase 
[14]. After SAH, the accumulation of heme-con-
taining blood components, especially red blood 
cells saturated with hemoglobins, can cause 
brain inflammation, thereby resulting in neuro-
nal damage and cognitive impairment. Heme 
oxygenase (HO), which is responsible for de- 
grading heme, has two subtypes, HMOX1 and 
HMOX2. HMOX1 is an inducible enzyme ex- 
pressed in most tissues, while HMOX2 is con-
stitutively expressed in the brain, endothelium. 
and testis. HMOX1 is a cell-protection mole-
cule, which contributes to the cellular homeo-
stasis, and the absence of HMOX1 can lead to 
aggravation of inflammation [15]. In SAH, the 
heme in the blood overflowing into the sub-
arachnoid cavity is metabolized by HO, leading 
to the generation of excessive free irons which 
can damage the cell membrane through free 
radicals. So far, the necessity of HMOX1 in neu-
roprotection has been evaluated in some stud-
ies [16].

In this study, we searched on a bioinformatics 
website and found the targeting relationship 
between miR-24 and HMOX1. We speculated 
that miR-24 may affect the inflammatory re- 
sponse and neurological function of rats with 
SAH-induced CVS through regulating the HM- 
OX1 expression.

Materials and methods

Animal subjects and grouping

A total of 120 healthy male Sprague-Dawley 
rats (two weeks old, clean grade, bodyweight 
35±5 g) from the laboratory animal center of 
Tongji University School of Medicine were used 
for the study. Of them, 30 rats were randomly 
assigned to the normal group (15 rats) or the 
sham group (sham operation, 15 rats), and the 
remaining 90 rats were used to construct the 
SAH-induced CVS model [17]. The animal 
experiments took place in the laboratory ani-
mal center of Tongji University School of Me- 

dicine. The study complied with national le- 
gislation and local Institutional Review Board 
requirements and was approved by the Ethics 
Committee of Brain Hospital Affiliated to Tongji 
University.

Modeling method: The rats were anesthetized 
by intraperitoneal injection of 40 mg/kg pento-
barbital sodium, and the head of the rats was 
fixed in a stereotactic instrument. After hair 
removal in the occipital region, the muscles 
and periosteum of the rats were separated 
layer by layer. The tail was cut 5 cm away from 
the base of the tail, and 0.3 mL of autologous 
blood of the rats was drawn with a 1 mL syringe. 
Next, under the guidance of the stereotactic 
instrument, a puncture needle was vertically 
inserted 1 mm deep into the atlantooccipital 
joint membrane, and 0.1 mL of cerebrospinal 
fluid was extracted. The obtained autologous 
blood was then slowly injected into the cisterna 
magna of the rats at a speed of 0.1 mL/min 
using the puncture needle and micropump. The 
puncture hole was then sealed with bone wax, 
and the wound was sutured, followed by intra-
muscular injection of penicillin to prevent infec-
tion. Subsequently, the rats were kept in the 
prone position with the head lowered by 30° 
for at least 30 min. Afterward, the breathing 
pattern of the rats was carefully checked, and 
mechanical ventilation was provided if neces-
sary. The rats were put back to the cage when 
they were fully awake. In the sham group, the 
autologous blood was not injected, whereas 
other steps of the procedure were the same as 
those described above. Injection of autologous 
blood into the subarachnoid cistern is a com-
mon and safe method to create an SAH-induc- 
ed CVS model [17]. In this study, the disease 
model was created successfully in all the rats, 
and no rats died in the model creation.

Gene interferences of miR-24 and HMOX1 were 
performed in rats 24 hours after modeling. The 
rats were anesthetized by intraperitoneal in- 
jection of 40 mg/kg pentobarbital sodium and 
the rat’s head was fixed in a stereotaxic instru-
ment, and then the scalp was cut along the sag-
ittal direction. With the anterior fontanelle as 
the base point, two small holes were drilled 3 
mm backward from the base point and 2 mm to 
the left and 2 mm to the right of the median 
sagittal suture, respectively. The microsam-
pling device was then inserted 3.5 mm deep, 
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and the following drugs (1 μL) were injected  
correspondingly: sham group (normal saline), 
model group (normal saline), miR-24-NC group 
(miR-24-NC vector), miR-24 inhibitor group 
(miR-24 inhibitor vector), HMOX1-NC group 
(HMOX1-NC vector), oe-HMOX1 group (HMOX1 
overexpression vector), miR-24 inhibitor + si 
HMOX1 group (miR-24 inhibitor and si-HMOX1 
vectors). Each group had 15 rats. Subsequently, 
the skull was sealed with bone wax, and the 
scalp was sutured. After wound disinfection, 
the rats were injected with penicillin to prevent 
infection. The adenoviral vectors for miR-24 
NC, miR-24 inhibitor, HMOX1 NC, oe-HMOX1, 
and si-HMOX1 were designed, synthesized, and 
provided by OBiO Technology (Shanghai, China). 
The dosage administered was 1012 vg/kg, and 
the injection on each side lasted for 5 min with 
needles also retained for 5 min.

One week after gene interferences, the Morris 
water maze (MWM) test was conducted, and 
neurological functions were assessed in all 
rats. After intraperitoneal injection of 40 mg/kg 
pentobarbital sodium for anesthesia, three rats 
were randomly selected from each group and 
they were euthanatized by fast cervical dislo- 
cation. Their brains were obtained to measure 
the permeability of blood-brain barrier (BBB). 
Remaining rats were sacrificed for blood collec-
tion from the apex of the heart for ELISA test 
followed by craniotomy immediately. The fresh 
brain tissues of three rats were randomly 
selected from each group for assessing cere-
bral edema, whereas the hippocampal tissues 
of the remaining rats were isolated and kept in 
liquid nitrogen for later use.

Dual-luciferase reporter (DLR) assay

The miR-24 binding site on HMOX1 was first 
analyzed through a bioinformatics website 
(www.targetscan.org) and the targeting rela-
tionship between miR-24 and HMOX1 was veri-
fied by DLR assay. The HMOX1 DLR gene vec-
tors with or without a mutant miR-24 binding 
site were constructed and named as PGL3-
HMOX1 mut and PGL3-HMOX1 wt, respectively. 
Rellina plasmids and the two reporter plasmids 
were cotransfected into HEK293T cells with 
miR-24 or NC plasmids. After 24 hours of tr- 
ansfection, DLR assay was performed and the 
luciferase activity was measured according to 
the manufacturer’s instructions of the DLR 
assay kit (Promega, USA). Relative luciferase 

activity = firefly luciferase activity/renilla lucifer-
ase activity.

MWM test

The water maze was a round pool (diameter 
150 cm, height 60 cm, temperature 20°C- 
25°C) and was divided into four quadrants: 
right-lower quadrant, right upper quadrant, left 
lower quadrant, and left upper quadrant. A plat-
form was installed in the right lower quadrant. 
After 7 days of training, the rats were placed in 
the water with face towards the water, and the 
escape latency, the time they spent finding the 
platform within 2 minutes, was recorded.

Assessment of neurological function

The neurological function of the rats with cere-
bral hemorrhage was assessed using Weaver’s 
15-point scale. On the 7th day after operation, 
the forelimb movement after tail fixation, auto-
nomic movement of the four limbs, spontane-
ous activity, climbing movement, and response 
to whisker stimulation in rats were scored. A 
higher score represented a better neurological 
function [18].

Permeability of BBB

The permeability of BBB in rats was determined 
by Evans Blue (EB) fluorescence spectropho-
tometry. After anesthesia, 2% EB saline solu-
tion (4 mL/kg) was injected into the femoral 
vein of the rats. One hour later, thoracotomy 
was performed, and the normal saline solution 
was perfused into the left ventricle (perfusion 
pressure 110 mmHg) of the rats until the fluid 
flowing out of the right ventricle was colorless. 
The rat brain was taken out, and the right dor-
solateral cortex was isolated, weighed, and 
homogenized in 50% trichloroacetic acid (TCA). 
Afterward, the samples were centrifuged at 
10,000 rpm for 25 min. The supernatant was 
collected and diluted with anhydrous ethanol at 
the ratio of 1:3. After mixing, the fluorescence 
value at the wavelength of 610 nm was mea-
sured using a fluorescence spectrophotometer. 
The calibration standard was 50% TCA added 
with anhydrous ethanol in a 1:3 ratio. EB con-
tent (μg/g brain tissue) was calculated accord-
ing to the standard curve.

ELISA

Blood was collected at the apex of the rat heart 
using a 1 mL syringe wetted with heparin and 
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Table 1. qRT-PCR primer sequences
Gene Sequence
miR-24 Forward: 5’-GCGGCGGTGGCTCAGTACAGC-3’

Reverse: 5’-GTGCAGGGTCCGAGGT-3’
HMOX1 Forward: 5’-CTGGAGGAGGAGATrGAGCG-3’

Reverse: 5’-TGGCACTGGCAATGTTGG-3’
U6 Forward: 5’-CTCGCTTCGGCAGCACATATACT-3’

Reverse: 5’-ACGCTTCACGAATTTGCGTGTC-3’
GAPDH Forward: 5’-CCAATGTGTCCGTCGTGGATCT-3’

Reverse: 5’-GTTGAAGTCGCAGGAGACAACC-3’

then transferred to a 1.5 mL Eppendorf tube. 
The blood samples were placed at room tem-
perature for 2 h followed by centrifugation at 
8,000 rpm for 10 min. The supernatant was 
collected and centrifuged again at 3,000 rpm 
for 10 min to obtain the supernatant. The le- 
vels of the pro-inflammatory factors IL-6 and 
TNF-α in the serum were measured using ELI- 
SA kit (69-25328, 69-40133, MSKBio, Wuhan, 
China).

Assessment of cerebral edema

The whole brain of the rats was taken out and 
weighed immediately. The weight of the whole 
brain minus the weight of the slide was defined 
as the wet weight. Afterward, the brains were 
heated in the oven at 105°C for 24 hours and 
weighed again. The weight of the heated brain 
minus the weight of the slide was defined as 
the dry weight. The cerebral edema index was 
calculated using the following formula: cerebral 
edema index (%) = (wet weight - dry weight)/wet 
weight * 100.

Determination of superoxide dismutase (SOD) 
and malondialdehyde (MDA) levels and myelo-
peroxidase (MPO) activity in the hippocampus 
of the rats

Three hippocampal tissues from each group 
were randomly selected for this test. The SOD 
level in the hippocampal tissue was measured 
by WST-1 colorimetry (xanthine oxidase meth-
od, test kit: A001-3-2, Nanjing Jiancheng Bio- 
engineering Institute, China), the MDA level  
was measured by thiobarbituric acid colorime-
try (test kit: A003-1-2, Nanjing Jiancheng 
Bioengineering Institute, China), and the MPO 
activity was measured by spectrophotometry 
(test kit: A044, Nanjing Jiancheng Bioengin- 
eering Institute, China). The experiments were 

carried out according to the manufacturer’s 
instructions of the kits. SOD, MDA, and MPO 
results are expressed in U/mg brain tissue, 
mmol/mg brain tissue, and U/mg brain tissue, 
respectively.

qRT-PCR

Total RNAs were extracted from the hippo- 
campus using TRIzol (Thermo Fisher Scientific, 
USA). The cDNAs were reversely transcribed 
using SuperScript™ One-Step RT-PCR System 
with Platinum™ Taq DNA Polymerase (Thermo 
Fisher Scientific, USA), and the fluorescence 
quantitative PCR was conducted with SYBR® 
PremixExTaqTMII kit (Xingzhi Biotechnology, 
China). The reaction system consisted of 3.2 μL 
of deionized-distilled water, 0.4 μL of PCR for-
ward primer, 0.4 μL of PCR reverse primer, 5 μL 
of SYBR® PremixExTaqTMII (2×), 1 μL of ROX 
Reference Dye (50×), and 1 μL of DNA tem-
plate. The running parameters (PCR system: 
ABI 7500, USA) were as follows: predenatur-
ation at 95°C for 5 min, denaturation at 95°C 
for 15 s, and annealing at 60°C for 1 min; the 
cycle was repeated 40 cycles followed by ex- 
tension at 60°C for 1 min. U6 was used as  
the internal control for miR-24, and GAPDH  
was used as the internal control for HMOX1. 
The relative expression level of each gene was 
calculated using the 2-ΔΔCt method. Primers are 
listed in Table 1.

Western blot

The total proteins of the hippocampal tissues 
were extracted using RIPA lysis buffer contain-
ing PMSF (R0010, Solarbio, Beijing, China). The 
protein concentration was measured with the 
BCA Kit (Thermo Fisher Scientific, USA.) and 
adjusted with the deionized water. The samples 
were mixed with the sample buffer and boiled 
for 10 min. Each lane of the PAGE was loaded 
with 30 µg protein samples for electrophoresis 
at 80 V for 2 h. The proteins were then trans-
ferred to a polyvinylidene fluoride membrane 
(ISEQ00010, Millipore, MA, USA) at 110 V for 2 
h. Next, the membrane was blocked with 5% 
skimmed milk at 4°C for 2 h. The blocking so- 
lution was then discarded, and the membrane 
was washed in TBST for 3 times. The mem-
brane was incubated with rabbit anti-mouse 
HMOX1 (ab13248, 1:1,000, Abcam, UK) and 
rabbit anti-GAPDH (ab70699, 1:2,000, Abcam, 
UK) antibodies at 4°C overnight, followed by 
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washing in TBST for 3 times (10 min per wash). 
Afterward, the samples were treated with hor- 
seradish peroxidase-conjugated goat anti-rab-
bit IgG antibodies (1:5,000, ZSBio, Beijing, 
China). Subsequently, the samples were tre- 
ated with an ECL detection kit (BB-3501, 
Amersham, UK) and visualized in a gel imaging 
system. The results were photographed using 
Bio-Rad image analysis system (Bio-Rad, USA) 
and analyzed with ImageJ software. The rela-
tive protein content was calculated as the gray-
scale value of the protein band/the grayscale 
value of GAPDH band.

Statistical analysis

SPSS 21.0 software was applied for statistical 
analysis. Measurement data are presented as 

mean ± standard deviation (
_
x  ± sd). Com- 

parisons of means between multiple groups 
were compared by Tukey post-hoc test. Com- 
parisons among multiple groups were conduct-
ed by one-way analysis of variance. P<0.05 
indicated a statistically significant difference.

Results

miR-24 can target HMOX1 and negatively 
regulate its expression

The bioinformatics website (www.targetscan.
org) predicted the existence of the miR-24 bin- 
ding site on HMOX1 gene (Figure 1A). The 
results of DLR assay revealed that compared 
with the NC mimic group, the luciferase activity 

Figure 1. miR-24 can inhibit Notch signaling pathway in rat hippocampus. A: 3’-UTR region of miR-24 that binds to 
HMOX1; B: Luciferase activity results; compared with NC mimic group, *P<0.05; C: Histogram of miR-24 and HMOX1 
mRNA levels in rat hippocampus; D: HMOX1 protein band image and protein levels; compared with the sham group, 
*P<0.05; compared with the model group, #P<0.05; compared with the miR-24 NC group, %P<0.05; compared with 
the miR-24 inhibitor group, &P<0.05; compared with the HMOX-1 NC group, $P<0.05; compared with the oe-HMOX1 
group, @P<0.05, n=3.
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P<0.05). Compared with the model group, the 
NC group had a similar score (P>0.05), whereas 
the miR-24 inhibitor and the oe-HMOX1 groups 
had higher scores for neurological function 
(both P<0.05). The miR-24 inhibitor + si-HMOX1 
group had lower score for neurological function 
than the miR-24 inhibitor group (P<0.05). See 
Figure 2.

Cerebral edema in each group

Compared with the sham group, the brain 
edema indexes of model rats were higher (all 
P<0.05). Compared with the model group, the 
NC group had a similar result (P>0.05), where-
as the brain edema index in the miR-24 inhibi-
tor and the oe-HMOX1 groups were lower (both 
P<0.05). The brain edema index in the miR-24 
inhibitor + si-HMOX1 group was higher than 
that in the miR-24 inhibitor group (P<0.05). See 
Figure 3.

Permeability of BBB in each group

Compared with the sham group, the model rats 
had higher permeability of BBB (all P<0.05). 
Compared with the model group, the NC group 
had a similar result (P>0.05), whereas the miR-
24 inhibitor and the oe-HMOX1 groups had 
lower BBB permeability (both P<0.05). The BBB 

Figure 2. Scores for the neurological function of 
rats in each group. Compared with the sham group, 
*P<0.05; compared with the model group, #P<0.05; 
compared with the miR-24 NC group, %P<0.05; com-
pared with the miR-24 inhibitor group, &P<0.05; 
compared with the HMOX-1 NC group, $P<0.05; com-
pared with the oe-HMOX1 group, @P<0.05, n=3.

of the cells co-transfected with wt-HMOX1 and 
miR-24 mimic was much lower (P<0.05), where-
as the luciferase activity of the cells co-trans-
fected with mut-HMOX1 and miR-24 mimic 
remained unchanged (P>0.05). This result indi-
cated that miR-24 can target HMOX1 gene and 
negatively regulate its expression (Figure 1B).

To further clarify the relationship between miR-
24 and Notch signaling pathway, we measured 
the expression levels of related markers in the 
hippocampus of rats in each group. The results 
showed that compared with the sham group, 
the model rats had higher expression levels of 
miR-24 and lower expression levels of HMOX1 
mRNA and protein (all P<0.05). Compared with 
the model group, the NC group had similar 
expression levels of each gene (all P>0.05), 
whereas the miR-24 inhibitor and the oe-
HMOX1 groups had higher HMOX1 mRNA 
expression levels (all P<0.05). The HMOX1 
mRNA expression level was lower in the miR-24 
inhibitor + si-HMOX1 group than that in the 
miR-24 inhibitor group (P<0.05). See Figure 1C, 
1D.

Scores for neurological function in each group

Compared with the sham group, the model rats 
had lower scores for neurological function (all 

Figure 3. Cerebral edema indexes in each group. 
Compared with the sham group, *P<0.05; compared 
with the model group, #P<0.05; compared with the 
miR-24 NC group, %P<0.05; compared with the miR-
24 inhibitor group, &P<0.05; compared with the 
HMOX-1 NC group, $P<0.05; compared with the oe-
HMOX1 group, @P<0.05, n=3.
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permeability in the miR-24 inhibitor + si-HMOX1 
group was higher than that in the miR-24 inhibi-
tor group (P<0.05). See Figure 4.

Learning and memory abilities in each group

The results of the MWM test showed that com-
pared with the sham group, the model rats had 
longer escape latency (all P<0.05). Compared 
with the model group, the NC group had a simi-
lar result in escape latency (P>0.05), whereas 
the miR-24 inhibitor and the oe-HMOX1 groups 
had shorter escape latency (both P<0.05). 
Compared with the miR-24 inhibitor group, the 
latency in the miR-24 inhibitor + si-HMOX1 
group was longer (P<0.05). See Figure 5.

Levels of SOD and MDA and activity of MPO in 
each group

Compared with the sham group, the model rats 
had lower SOD levels, higher MDA levels, and 
higher MPO activities (all P<0.05). Compared 
with the model group, the NC group had similar 
results in these markers (all P>0.05), whereas 
the miR-24 inhibitor and the oe-HMOX1 groups 
had higher SOD levels, lower MDA levels, and 
lower MPO activities (all P<0.05). Compared 

with the miR-24 inhibitor group, the miR-24 
inhibitor + si-HMOX1 group had lower SOD 
level, higher MDA level, and higher MPO activity 
(all P<0.05). See Figure 6.

Levels of IL-6 and TNF-α in venous blood of 
rats in each group

Compared with the sham group, the model rats 
had higher IL-6 and TNF-α levels (all P<0.05). 
Compared with the model group, the NC group 
had similar results in these markers (both 
P>0.05), whereas the miR-24 inhibitor and the 
oe-HMOX1 groups had lower levels of IL-6 and 
TNF-α (P<0.05). Compared with the miR-24 
inhibitor group, the IL-6 and TNF-α levels in the 
miR-24 inhibitor + si-HMOX1 group were higher 
(both P<0.05). See Figure 7.

Discussion

CVS usually occurs between 3 and 9 days after 
aneurysmal SAH [19]. Although the ruptured 
aneurysm can be successfully treated by sur-
gery and endovascular therapy, the incidence 
rates of CVS and permanent ischemic neuro-
logic deficit in these patients are 48.3% and 
16.1%, respectively, with the total mortality 

Figure 4. Permeability of the blood-brain barrier in 
each group. Compared with the sham group, *P<0.05; 
compared with the model group, #P<0.05; compared 
with the miR-24 NC group, %P<0.05; compared with 
the miR-24 inhibitor group, &P<0.05; compared with 
the HMOX-1 NC group, $P<0.05; compared with the 
oe-HMOX1 group, @P<0.05, n=3.

Figure 5. Escape latency in each group. Compared 
with the sham group, *P<0.05; compared with the 
model group, #P<0.05; compared with the miR-24 
NC group, %P<0.05; compared with the miR-24 in-
hibitor group, &P<0.05; compared with the HMOX-1 
NC group, $P<0.05; compared with the oe-HMOX1 
group, @P<0.05, n=3.
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rate of 6.5% [19-22]. Notwithstanding exten-
sive research has been conducted to explain 
the potential mechanism of CVS and many 
advanced therapies have been tried clinically, 
there is still no method that can treat this dis-
ease effectively [23, 24].

At present, many studies have demonstrated 
that HMOX1 expression decreases in experi-
mental CVS [25-28]. Ogawa et al. found that the 

injection of HMOX1 protein can attenuate SAH-
induced CVS in rats [25]. Shimada et al. also 
reported that enhancing the expression of HO-1 
may be an effective way to improve the progno-
sis of delayed CVS and other diseases associ-
ated with abnormal accumulation of heme and 
oxidative stress [26]. In this study, we found 
that after overexpression of HMOX1, the rats 
exhibited increased SOD level, decreased MDA, 
IL-6, and TNF-α levels, better neurological func-

Figure 6. Levels of SOD and MDA and activities of MPO in rat hippocampus in each group. A: SOD levels in each 
group; B: MDA levels in each group; C: MPO activities in each group; compared with the sham group, *P<0.05; com-
pared with the model group, #P<0.05; compared with the miR-24 NC group, %P<0.05; compared with the miR-24 
inhibitor group, &P<0.05; compared with the HMOX-1 NC group, $P<0.05; compared with the oe-HMOX1 group, @

P<0.05, n=3. SOD: superoxide dismutase; MDA: malondialdehyde; MPO: myeloperoxidase.

Figure 7. Levels of IL-6 and TNF-α in venous blood of rats in each group. A: IL-6 levels in each group; B: TNF-α levels 
in each group; compared with the sham group, *P<0.05; compared with the model group, #P<0.05; compared with 
the miR-24 NC group, %P<0.05; compared with the miR-24 inhibitor group, &P<0.05; compared with the HMOX-1 NC 
group, $P<0.05; compared with the oe-HMOX1 group, @P<0.05, n=10. IL, interleukin; TNF: tumor necrosis factor.
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tion and the integrity of BBB, and decreased 
activity of MPO. It has been reported that inhib-
iting HO-1 expression in the basilar artery can 
slow down the clearance of oxyhemoglobin and 
deoxyhemoglobin from the subarachnoid space 
and aggravate vasospasm [27]. The results of 
our study are consistent with the previous re- 
search, suggesting that overexpression of HM- 
OX1 may reduce the brain injury of rats with 
autoimmune inflammation in the central ner-
vous system associated with SAH-induced CVS.

Previous studies have reported that miR-24 
play an important role in inflammatory reaction 
[29, 30]. For example, Lin et al. reported that 
miR-24 could inhibit inflammatory responses in 
rats with LPS-induced acute lung injury [31]. 
Maegdefessel et al. performed in vivo and in 
vitro studies and found that miR-24 mediated 
chitinase 3-like 1 (Chi3l1) to regulate cytokine 
synthesis in macrophages as well as their sur-
vival, promote aortic smooth muscle cell migra-
tion and cytokine production, and stimulate 
adhesion molecule expression in vascular en- 
dothelial cells [32]. In our study, the miR-24 
expression level was much higher and HMOX1 
expression level was much lower in the hippo-
campus of the model rats. In addition, we also 
found that there was a binding site between 
miR-24 with HMOX1 on a bioinformatics web-
site, and the DLR assay verified that miR-24 
can negatively regulate HMOX1 expression. We 
speculated that miR-24 is an upstream mole-
cule of HMOX1, which can regulate the expres-
sion of HMOX1.

Therefore, the model rats were injected with 
miR-24 inhibitor or miR-24 inhibitor combined 
with si-HMOX1 to further explore the effect of 

injury. Since previous studies have not investi-
gated miR-24 in central nervous system diseas-
es, miR-24 may be a new treatment target for 
CVS (Figure 8).

The present study preliminarily proved that 
miR-24 mediated upregulation of HMOX1 ex- 
pression can exert protective effects on rat 
model of SAH-induced CVS. However, whether 
other signal molecules participate in the inter-
action between miRNA and HMOX1 and how 
HMOX1 regulates the levels of SOD, MDA, and 
inflammatory factors require further investiga-
tion. Meanwhile, there may other mechanisms 
for SAH-induced CVS as since the effect of nor-
malizing miR-24 or HMOX only partially rescued 
the phenotype. For example, Yang et al. found 
that Cx43 and the PKC pathway were novel tar-
gets for developing treatments for SAH-induced 
CVS [33]. Liu et al. reported that cystatin C 
could induce autophagy to prevent SAH-in- 
duced CVS [34]. The results of Chen et al. 
showed that the administration of specific NLK 
agonist could prevent or reduce CVS or neuro-
nal apoptosis caused by SAH [35]. In addition, 
more preclinical researches such as RNA se- 
quence, and better targets screening and the 
safety test of RNA therapy should be perform- 
ed by using pharmacological and genetic 
approaches. Some brain tissues could also be 
collected from patients to further verify our 
results in human.

In conclusion, miR-24 is highly expressed in the 
hippocampus of rats with CVS after SAH, and 
miR-24 downregulation can improve the recov-
ery from brain injury in these rats by upregulat-
ing the expression of HMOX1 gene.

Figure 8. The model figure of this study.

miR-24 and HMOX1 in vivo. 
The results showed that miR-
24 downregulation could upre- 
gulate HMOX1 expression, th- 
ereby improving the learning 
and memory abilities, increas-
ing the level of SOD, decreas-
ing the levels of MDA, MPO, 
IL-6, and TNF-α, and improving 
the BBB integrity; moreover, 
the effects of silencing miR-24 
could be reversed by silencing 
HMOX1. These results indicat-
ed that the interaction bet- 
ween miR-24 and HMOX1 can 
serve a critical role in brain 
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