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INTRODUCTION  
 

Intracerebral hemorrhage (ICH) has a high morbidity 

and mortality and accounts for 10%-15% of strokes 

[1]; it involves rupture of one or more blood vessels in 

the brain and blood leakage into the brain parenchyma 

[2, 3]. Brain injury caused by ICH occurs in two 

phases. The initial bleed disrupts the cellular 

architecture of the brain, and the hematoma increases 

intracranial pressure, impacting blood flow and 

leading to brain herniation [4]. The second phase of 

ICH injury lasts for hours or days and could be 

prevented [5, 6]. It involves a local inflammatory 

response [7] characterized by the release of  

clotting components (e.g., hemoglobin/iron) and peri-

hematomal tissue damage (e.g., breakdown of the 

blood-brain barrier [BBB]) [8]. Evidence indicates that 

the release of thrombin, hemoglobin, and iron  

 

contributes to secondary injury [9ï12]. Effective 

treatment is needed for the secondary injury caused by 

hemorrhagic stroke. 

 

MicroRNAs (miRNAs) can induce posttranscriptional 

gene silencing, opening up a new strategy for treating 

human diseases [13]. Clinical and preclinical studies 

have confirmed that expression of a variety of miRNAs 

is altered in serum or cerebrospinal fluid after ICH [14ï

18]; these miRNAs are involved in BBB protection [19], 

the anti-inflammatory response [20, 21], inhibition of 

microglial activation [22] and neuronal apoptosis [19], 

and revascularization [23, 24]. 

 

In this study, we performed miRNA sequencing 

(miRNA-Seq) and bioinformatics analysis to identify 

miRNAs that affect the response to ICH. Among the 15 

miRNAs with the most significant difference in 
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ABSTRACT 
 

Differences in microRNA (miRNA) expression after intracerebral hemorrhage (ICH) have been reported in 
human and animal models, and miRNAs are being investigated as a new treatment for inflammation and 
oxidative stress after ICH. In this study, we found that microRNA-183-5p expression was decreased in the 
mouse brain after ICH. To investigate the effect of miRNA-183-5p on injury and repair of brain tissue after ICH, 
saline, miRNA-183-5p agomir, or miRNA-183-5p antagomir were injected into the lateral ventricles of 8-week-
old mice with collagenase-induced ICH. Three days after ICH, mice treated with exogenous miRNA-183-5p 
showed less brain edema, neurobehavioral defects, inflammation, oxidative stress, and ferrous deposition than 
control mice. In addition, by alternately treating mice with a heme oxygenase-1 (HO-1) inducer, a HO-1 
inhibitor, a nuclear factor erythroid 2-related factor (Nrf2) activator, and Nrf2 knockout, we demonstrated an 
indirect, HO-1-dependent regulatory relationship between miRNA-183-5p and Nrf2. Our results indicate that 
miRNA-183-5p and HO-1 are promising therapeutic targets for controlling inflammation and oxidative damage 
after hemorrhagic stroke. 
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expression after ICH, we observed a significant decrease 

in miR-183-5p. One putative target of miR-183-5p is 

heme oxygenase-1 (HO-1), a molecule widely reported 

to exacerbate ICH brain injury [25, 26]. Here, we 

investigated the effects and mechanism of action of miR-

183-5p on injury and repair of brain tissue after ICH. 

 

RESULTS 
 

miRNA-183-5p expression in the brains of mice with 

ICH was significantly decreased 

 

To identify miRNAs affecting early injury after ICH in 

mice, miRNA-Seq of the brain tissues of mice in the 

sham group (n = 3) and the ICH group (n = 3) was 

performed. Based on our previous study and other 

reports [26, 27], the observation time point of 3 days 

after ICH was chosen because this is the time  

of maximum activation of microglia, the main 

inflammatory cells responsible for brain injury after 

ICH. Compared with the sham group, the expression of 

32 miRNAs was significantly increased in the ICH 

group, whereas that of 95 miRNAs was decreased. 

These differentially expressed miRNAs were found to 

affect multiple signaling pathways, including the  

Ras, MAPK, VEGF, and Toll-like receptor signaling 

pathways. miRNAs with a log2 fold change Ó 2 and P < 

0.05 were considered to have statistically significant 

differential expression. miRNAs with log2 fold change 

Ó 2 were selected because significant differences in the 

expression of these miRNAs were found between the 

ICH group and the sham group and thus they were more 

likely to be involved in ICH injury. Thereafter, we 

ranked the differentially expressed miRNAs according 

to fold change in expression. The top 15 are displayed 

in Figure 1A. Thereafter, we performed quantitative 

 

 
 

Figure 1. The microRNA (miRNA) expression profiles of mouse brain tissue changed significantly after intracerebral 
hemorrhage (ICH). (A) Heat map of 15 miRNAs with the most significant difference in expression after ICH. n = 3/group. (B) The expression 

levels of the top 15 miRNAs with the most significant difference in expression identified with sequencing were verified by qPCR. n = 8/group. 
Values are presented as the mean ± standard deviation. *P < 0.05 vs. the sham group. Con, control. 
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polymerase chain reaction (qPCR) to verify these 

miRNAs and found that their changes in expression 

were consistent with the miRNA-Seq results (Figure 

1B). Using miRanda software (omicX) to predict the 

targets of these 15 miRNAs, we found that one of the 

predicted targets of miRNA-183-5p was HO-1, which 

was confirmed in our previous study to be involved in 

early inflammation and oxidative stress injury after 

ICH. In addition, our analysis of the temporal 

expression patterns of miRNA-183-5p and HO-1 after 

ICH revealed a negative correlation (Supplementary 

Figure 1), suggesting that miRNA-183-5p regulates 

HO-1 expression. 

 

miR-183-5p reduced neurologic deficits, BBB 

permeability, and lesion volume after ICH 

 

Lesion volumes were measured morphometrically 

(image analysis) 3 days after ICH. As shown in Figure 

2A, lesions were smaller in the agomir group than in the 

control group (P < 0.05), and antagomir-treated mice 

exhibited larger lesions, although the difference in 

lesion volume was not significant (P > 0.05). BBB 

permeability was evaluated by Evans blue (EB) 

extravasation and found to be significantly decreased  

(P < 0.05) in the agomir group, but unchanged in the 

antagomir group, compared to the control group  

(Figure 2B). In addition, brain edema in the ipsilateral 

striatum was significantly decreased by agomir 

pretreatment (P < 0.05) but not by antagomir 

pretreatment (Figure 2C). Our results using miRNA 

agomir and antagomir revealed that miR-183-5p 

upregulation decreased neurologic deficits on day 3 (P 

< 0.05) (Figure 2D); in contrast, miR-183-5p 

downregulation increased neurologic deficits, although 

not significantly (P > 0.05) (Figure 2D). 

 

miR-183-5p alleviated early inflammation after ICH 

 

To determine the effect of miR-183-5p on microglia 

activation and leukocyte infiltration after ICH, we 

performed an immunofluorescence experiment. We 

found that the number of activated microglia in the 

perihematomal area was lower in the agomir group  

(P < 0.05), but not the antagomir group (P > 0.05), 

when compared to the control group (Figure 3A and 

3B). In addition, the number of MPO-positive neutro-

phils in the hemorrhagic striatum was significantly 

lower in the agomir group compared with the control 

group (Figure 3A and 3B). 

 

The effect of miR-183-5p on inflammation was also 

studied in vivo. ELISA showed that the inflammatory 

factors IL-1ɓ, IL-6, and TNF-Ŭ were decreased 

significantly in the agomir group (P < 0.05) and 

slightly, but not significantly, decreased in the 

antagomir group (P > 0.05) (Figure 3C). BV2 microglia 

cocultured with hemin and miRNA agomir or antagomir 

were used to study the response of inflammatory factors 

to miRNA regulation in vitro. Culture supernatants from 

BV2 microglia treated with agomir or antagomir were 

collected, and IL-1ɓ, IL-6, and TNF-Ŭ levels were 

determined to be similar to the results obtained in vivo 

(Supplementary Figure 2). 

 

miR-183-5p alleviated oxidative damage after ICH 

 

We next determined whether miRNA-183-5p is 

involved in the regulation of reactive oxygen species 

(ROS) and the production of divalent iron. The 

fluorescent indicator hydroethidine was used to examine 

ROS production in situ (Figure 4A and Supplementary 

Figure 3A). In vivo, the fluorescence intensity of 

hydroethidine was significantly lower in the agomir 

group (P < 0.05) but nearly unchanged in the antagomir 

group (P > 0.05). The results of Lillie staining to 

determine ferrous deposition also showed that there 

were fewer positive cells in the agomir group (P < 0.05) 

(Figure 4A) but that there was no difference in positive 

cells between the ICH and antagomir groups (P > 0.05). 

Interestingly, the amount of ROS produced by 

individual BV2 microglia in vitro did not change 

significantly, but the number of viable microglia was 

significantly reduced (Supplementary Figure 3A). This 

finding was consistent with the trends observed in vivo, 

as shown by the miRNA-183-5pïmediated reduction in 

ROS production (Supplementary Figure 3B). The lipid 

peroxidation product, 4-HNE, was assessed by ELISA. 

The in vivo (Figure 4B) and in vitro (Supplementary 

Figure 3C) results showed that miRNA agomir 

treatment decreased the 4-HNE protein level (P < 0.05), 

whereas antagomir treatment did not notably change the 

expression of 4-HNE (P > 0.05). 

 

HO-1 is a direct downstream target of miR-183-5p 

 

In view of the relationship between miRNA-183-5p and 

the time course of HO-1 expression (Supplementary 

Figure 1) and because HO-1 was predicted to be a target 

of miRNA-183-5p, we speculated that the regulatory 

function of miRNA-183-5p in early injury after ICH is 

mediated by downstream HO-1. A Dual-Luciferase 

Reporter Assay was performed to verify the relationship 

between miR-183-5p and HO-1 mRNA. Fragments of 

the HO-1 mRNA 3ô-UTR containing either the binding 

site for miR-183-5p or a MUT binding site were 

designed (Figure 5A), and HEK293 cells were cultured 

for this purpose. Cotransfection of the wild-type (WT) 

3ô-UTR with miR-183-5p mimic significantly reduced 

the relative luciferase activity (P < 0.05), but 

cotransfection of the MUT 3ô-UTR with miR-183-5p 

mimic did not (P > 0.05) (Figure 5A). Agomir and 
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antagomir were administered in vivo via intra-

cerebroventricular injection, immediately before 

collagenase injection. The expression of HO-1 in the 

agomir group decreased significantly (P < 0.05), but 

there was no significant difference in its expression 

between the antagomir group and the ICH group  

(P > 0.05, Figure 5B). In vitro, after incubation with 20 

mM hemin for 1 hour, BV2 microglia were transfected 

with agomir or antagomir for 24 hours. HO-1 

expression was decreased in the agomir group (P < 

0.05) and was not significantly increased in the 

antagomir group (P > 0.05, Supplementary Figure 4A). 

To further confirm whether miRNA-183-5p is involved 

in neuroinflammation and oxidative stress through HO-

1, inflammatory factors and 4-HNE were measured in 

the miR-183-5p up- and downregulation groups after 

HO-1 inhibition by ZnPP. The in vitro and in vivo 

results indicated no difference in the expression of IL-

1ɓ, IL-6, TNF-Ŭ, or 4-HNE among the ICH, agomir, 

and antagomir groups (P > 0.05) (Figure 5C and 5D, 

Supplementary Figure 4B). This suggests that the 

protective effect of miRNA-183-5p on early injury in 

patients with ICH is achieved by inhibiting HO-1 

expression. 

 

 
 

Figure 2. Administration of miR-183-5p reduced neurologic deficits, blood-brain barrier permeability, and brain injury 
volume after intracerebral hemorrhaging (ICH). (A) Left: representative images of a series of brain slices from different groups at 3 days 

after ICH. Right: quantitative analysis of hematoma volume. n = 8/group. (B) Left: representative images of brain slices from different groups 
at 3 days after ICH stained with Evans blue (EB). Right: quantitative analysis of EB extravasation. n = 8/group. (C) Brain water content in the 
different groups at 3 days after ICH. n = 8/group. Ipsi-Stri, ipsilateral striatum; Con-Stri, contralateral striatum; Cerebel, cerebellum. (D) 
Neurologic deficit scores of mice at 3 days after ICH. n = 24/group. Values are presented as the mean ± standard deviation. *P < 0.05 vs. the 
ICH group. 
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miRNA-183-5p and HO-1 affect microglial survival 

after ICH  

 

Our previous study and other reports have demonstrated 

that HO-1 is expressed primarily in the microglia after 

ICH in mice. In addition, downregulation of HO-1 

reduced the number of activated microglia [25, 26, 28]. 

Fluorescence microscopy analysis of HO-1 expression in 

this study indicated that, as previously reported, HO-1 

was expressed mostly in the microglia after ICH and that 

HO-1 expression was significantly lower in the miRNA 

agomir group (P < 0.05, Figure 6A). Although HO-1 

expression was slightly higher in the miRNA antagomir 

group (Figure 6A), this difference was not statistically 

significant (P > 0.05). The in vitro expression of HO-1 

revealed that the regulatory effect of miRNA-183-5p was 

similar to that of HO-1 activator or inhibitor (Figure 6B). 

 

In addition, exogenous miRNA-183-5p supplementation 

reduced the number of Iba-1ïpositive microglia. The 

downregulation of HO-1 by miRNA-183-5p had a 

damaging effect on microglia in the presence of hemin. 

The in vitro CCK-8 assay showed that the viability of 

microglia in the hemin+agomir group was significantly 

decreased, whereas the viability in the hemin+antagomir 

group was essentially the same as that in the hemin-

alone group (Supplementary Figure 5). In vitro 

experiments revealed that increasing the expression of 

HO-1 protected microglia in the presence of hemin. 

Thus, miR-183-5p may decrease microglia survival and 

inhibit microglia from promoting inflammation and 

oxidative damage. 

 

MiR -18 3-5p regulates HO-1 independent of Nrf2 

 

Because Nrf2 is recognized as the main regulator of 

HO-1 [29, 30], we determined the relationship between 

miR-183-5p, HO-1, and Nrf2 after ICH. After ICH, 

Nrf2-/- mice exhibited low HO-1 expression, and 

treatment with tBHQ, an Nrf2 activator, increased HO-1 

expression in WT mice with ICH (Supplementary 

Figure 6A). When HO-1 expression was regulated by 

 

 
 

Figure 3. Treatment with miR-183-5p alleviated early inflammation after intracerebral hemorrhage (ICH). (A) Representative 

immunofluorescence images of Iba-1ïpositive microglia and myeloperoxidase (MPO)-positive neutrophils in different groups at 3 days after 
ICH. n = 8/group. (B) Quantitative analysis of Iba-1ï or MPO-positive cells in (A). Scale bars = 50 ɛm. (C) Quantitative analysis of cytokine 
expression in the brains of mice from different groups at 3 days after ICH. n = 8/group. Values are presented as the mean ± standard 
deviation. *P < 0.05 vs. the ICH group. 
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CoPP or ZnPP, p-Nrf2 was increased or decreased, 

respectively (Supplementary Figure 6B). In miR-183-

5p agomirïtreated Nrf2-/- mice, HO-1 expression was 

significantly inhibited (P < 0.05), but in miR-183-5p 

antagomirïtreated Nrf2-/- mice, HO-1 expression was 

slightly, although not significantly, increased (P > 

0.05) (Supplementary Figure 6C). Among the Nrf2-/- 

mice, miR-183-5p expression was higher in the group 

pretreated with the HO-1 inhibitor ZnPP (P < 0.05) 

and slightly reduced in the group pretreated with the 

HO-1 activator CoPP (P > 0.05, Supplementary 

Figure 6D). 

 

 
 

Figure 4. Treatment with miR-183-5p alleviated oxidative damage after intracerebral hemorrhaging (ICH). (A) Representative 

immunofluorescence images showing hydroethidine-positive reactive oxygen species (ROS) (n = 8/group) and ferrous deposition stained 
with Lillie dye (n = 8/group) in different groups at 3 days after ICH. Arrows indicate ferrous deposition in cells. Quantitative analysis of ROS 
fluorescence intensity and ferrous deposition in cells corresponding to the above are shown below. Scale bars = 50 ɛm. (B) Quantitative 
analysis of 4-HNE in the brains of mice from different groups at 3 days after ICH. n = 8/group. Values are presented as the mean ± standard 
deviation. *P < 0.05 vs. the ICH group. 
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Next, we sought to verify whether miRNA-183-5p could 

directly affect the function of Nrf2 in the ICH model. 

Previous studies have shown that phosphorylation of the 

Neh2 domain of Nrf2 at Ser-40 promotes the 

dissociation of Nrf2 from Keap1 and its translocation 

into the nucleus, where it induces the activation of 

antioxidant response elements (AREs) [31, 32]. tBHQ 

has been shown to promote the phosphorylation of Nrf2 

[33]. p-Nrf2 expression, measured by western blotting, 

indicated that miR-183-5p upregulation suppressed the 

phosphorylation of Nrf2 (P < 0.05), whereas this 

regulatory effect of miR-183-5p was absent in the 

absence of HO-1 (P > 0.05, Figure 7A and 7B). 

Furthermore, we determined whether activation of Nrf2 

directly affected the expression of miRNA-183-5p. The 

reverse transcriptase (RT) qPCR results confirmed that 

activation or knockout of Nrf2 suppressed or promoted 

miR-183-5p expression (P < 0.05), respectively, but that 

this regulatory effect of Nrf2 was also absent in the 

absence of HO-1 (P > 0.05, Figure 7C). 

 

 
 

Figure 5. miR-183-5p alleviated early inflammation and oxidative damage by directly targeting heme oxygenase-1 (HO-1). (A) 

Above: schematic showing the potential miR-183-5p binding site in the HO-1 3ô-untranslated region (3ô-UTR). A mutant (MUT) HO-1 3ô-UTR 
was introduced by replacing the wild type (WT) binding sequence with a mutant sequence. Below: inhibition of relative luciferase activity of 
HO-1 3ô-UTR reporter molecules in human embryonic kidney 293 cells mediated by miR-183-5p. miR-183-5p MM, miR-183-5p mimic; NC, 
nontarget control. (B) Above: western blotting revealed that miRNA-183-5p downregulated HO-1 expression. Below: quantitative analysis of 
HO-1 protein expression in different groups. n = 8/group. (C) Quantitative analysis of cytokine expression in the brains of mice from different 
groups pretreated with the HO-1 inhibitor zinc protoporphyrin IX (ZnPP) at 3 days after ICH. n = 8/group. (D) Quantitative analysis of 4-HNE 
expression in the brains of mice from different groups pretreated with the HO-1 inhibitor ZnPP at 3 days after ICH. n = 8/group. Values are 
presented as the mean ± standard deviation. *P < 0.05 vs. the ICH group. 
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DISCUSSION 
 

In this study, we observed changes in the expression of 

many miRNAs in the brain tissue of mice after ICH. 

Among these miRNAs, miR-183-5p was demonstrated 

to have a protective effect on ICH mice. After injecting 

agomir-183-5p into the lateral ventricles of ICH mice, 

we observed a decrease in iron accumulation, brain 

ROS production, BBB injury, the inflammatory 

response, neurologic impairment, and microglial 

activation. Although previous studies have shown that 

the HO-1 activator CoPP can significantly increase the 

expression of HO-1, the antagomir of miR-183-5p did 

not upregulate the expression of HO-1 as expected. We 

have found that the physiologic level of miR-183-5p is 

not high in brain tissue. Agomir is a chemically 

modified miRNA; in vivo injection of agomir can 

greatly increase the expression of miR-183-5p and thus 

promote its role in inhibiting HO-1. Antagomir can 

combine with miR-183-5p after ICH, resulting in the 

loss of its ability to bind HO-1 mRNA. However, due to 

the further decrease in miR-183-5p expression after 

ICH, the degree of miR-183-5p inhibition by antagomir 

is not enough to significantly restore the effect of HO-1. 

 

 
 

Figure 6. miRNA-183-5p affected microglial survival by targeting heme oxygenase-1 (HO-1) after intracerebral hemorrhage 
(ICH). (A) Left: representative immunofluorescence images of HO-1 in Iba-1ïpositive microglia at 3 days after ICH. Right: percentage of 

both Iba-1ï and HO-1ïpositive cells in Iba-1ïpositive microglia. Scale bars = 50 ɛm, n = 8/group. *P < 0.05 vs. the ICH group. (B) Above: 
representative immunofluorescence images of HO-1 in BV2 microglia from different groups at 24 hours after hemin treatment. Below: 
percentage of HO-1ïpositive BV2 microglia. Scale bars = 50 ɛm, n = 3/group. *P < 0.05 vs. the hemin group. ZnPP, zinc protoporphyrin IX; 
CoPP, cobalt protoporphyrin IX. 
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Free heme is harmful to cells, and the metabolization of 

heme into ferrous iron (Fe2+) prevents it from producing 

an excess of ROS [34]. In this regard, HO-1, as a 

metabolic enzyme of heme, has a protective effect on 

brain parenchyma in the event of a hemorrhage. 

However, we observed that inflammation and oxidative 

stress increased when HO-1 increased in mouse brain 

tissue. It is worth noting that during ICH, the types of 

cells enriched by HO-1 are primarily microglia. This 

suggests that the role of HO-1 in promoting injury during 

ICH may be related to this uneven cell distribution. 

Microglia, the intrinsic immune cells in the central 

nervous system, have been reported to respond rapidly to 

injury after ICH [6, 27, 35], contributing to inflammation 

and oxidative stress [1, 28, 36, 37]. It is possible that high 

HO-1 expression protects microglia in the ICH environ-

ment [38], further promoting inflammation and oxidative 

damage. In our in vitro experiment, we used CCK-8 to 

determine the survival rate of BV2 microglia treated with 

hemin. We found that, compared with the control group, 

HO-1 expression and the survival rate of BV2 cells 

treated with miR-183-5p agomir decreased and that the 

level of inflammatory factors secreted into the cell 

suspension decreased in conjunction with the number of 

cells. Thus, although HO-1 has a protective effect on 

microglia, the increase in the number of surviving 

microglia compared to other cells promotes inflammation 

and oxidative damage in the brain after ICH. 

 

 
 

Figure 7. miR-183-5p regulated heme oxygenase-1 (HO-1) independent of Nrf2. (A) Western blotting revealed that miRNA-183-5p 

is an HO-1ïdependent inhibitor of Nrf2 phosphorylation. n = 8/group. (B) Quantitative analysis of the relative expression of p-Nrf2 protein 
in (A). (C) Quantitative analysis of the HO-1ïdependent inhibitory effect of Nrf2 on miR-183-5p by RT-qPCR. n = 8/group. Values are 
presented as the mean ± standard deviation. *P < 0.05 vs. the intracerebral hemorrhaging (ICH) group. ZnPP, zinc protoporphyrin IX; tBHQ, 
tert-butylhydroquinone. 


