www.aging-us.com

AGING 2020, Vol. 12, No. 13

Research Paper
miR-183-5p alleviates early injury after intracerebral hemorrhage by

inhibiting heme oxygenase-1 expression

Yu Wang"’, Yuejia Song®”, Yuxin Pang'’, Zihan Yu?', Wei Hua?, Yunhe Gu?, Jiping Qi*, He Wu*

!Department of Pathology, First Clinical Hospital, Harbin Medical University, Harbin 150001, China
’Department of Endocrinology, First Clinical Hospital, Harbin Medical University, Harbin 150001, China
*Equal contribution

Correspondence to: He Wu, Jiping Qi; email: wuher 2008 @hotmail.com, qijiping2003@163.com
Keywords: microRNA-183-5p, heme oxygenase-1, inflammation, oxidative stress, intracerebral hemorrhage
Received: January 11, 2020 Accepted: May 18, 2020 Published: June 29, 2020

Copyright: Wang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

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.

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 [9-12]. 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 [14—
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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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, mMiRNA-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
is the time

after ICH was chosen because this

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 log, fold change >2 and P <
0.05 were considered to have statistically significant
differential expression. miRNAs with log, fold change
> 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

mmu-miR-5100 1.5
mmu-miR-6240
mmu-miR-486a-5p 1
mmu-miR-486b-5p
mmu-miR-144-5p
mmu-miR-451a 0.5
mmu-miR-6516-3p
mmu-miR-144-3p 0
mmu-miR-10a-3p
mmu-miR-760-5p

mmu-miR-27a-5p -5
mmu-miR-21a-5p
mmu-miR-299a-5p -1
mmu-miR-141-3p
mmu-miR-183-5p 1.5

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 gPCR. 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
perinematomal 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-1B, TL-6, and TNF-a 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-1fB, IL-6, and TNF-a 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-183-5p—mediated 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 3’-UTR containing either the binding
site for miR-183-5p or a MUT binding site were
designed (Figure 5A), and HEK?293 cells were cultured
for this purpose. Cotransfection of the wild-type (WT)
3’-UTR with miR-183-5p mimic significantly reduced
the relative luciferase activity (P < 0.05), but
cotransfection of the MUT 3’-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).
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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-
1B, IL-6, TNF-a, 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.
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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-1-positive microglia. The
downregulation of HO-1 by miRNA-183-5p had a
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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
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Figure 3. Treatment with miR-183-5p alleviated early inflammation after intracerebral hemorrhage (ICH). (A) Representative
immunofluorescence images of Iba-1-positive microglia and myeloperoxidase (MPO)-positive neutrophils in different groups at 3 days after
ICH. n = 8/group. (B) Quantitative analysis of Iba-1— or MPO-positive cells in (A). Scale bars = 50 um. (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, 0.05) (Supplementary Figure 6C). Among the Nrf2”-

respectively (Supplementary Figure 6B). In miR-183- mice, miR-183-5p expression was higher in the group
5p agomir—treated Nrf2”- mice, HO-1 expression was pretreated with the HO-1 inhibitor ZnPP (P < 0.05)
significantly inhibited (P < 0.05), but in miR-183-5p and slightly reduced in the group pretreated with the
antagomir—treated Nrf2”- mice, HO-1 expression was HO-1 activator CoPP (P > 0.05, Supplementary
slightly, although not significantly, increased (P > Figure 6D).

A Sham ICH ICH+agomir ICH+antagomir

ROS

Ferrous stain

ICH+antagomir- — -]
ICH+agomir_—| * .-| *
ICH- | 4
Sham'|
OjO 0j4 0:8 112 0 2 4 6 8 1l0
ROS fluorescence intensity Cellular ferrous iron deposition
B ICH+antagomir- —
ICH+agomir_—| *
ICH- -
0:0 Oj5 1j0 1j5 210

Relative expression of 4-HNE

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 um. (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 Keapl 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

A

WT HMOX1 3’-UTR :

5’... GACUGCUGUCCCCCAGUGCCAUG ...3’

mmu-miRNA-183-5p : | | | | | | |

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) gPCR 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).
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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 3’-untranslated region (3’-UTR). A mutant (MUT) HO-1 3°-UTR
was introduced by replacing the wild type (WT) binding sequence with a mutant sequence. Below: inhibition of relative luciferase activity of
HO-1 3’-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.

WWW.aging-us.com 12875

AGING



DISCUSSION

In this study, we observed changes in the expression of
many miRNASs 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
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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.
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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-1-positive microglia at 3 days after ICH. Right: percentage of
both Iba-1- and HO-1—positive cells in Iba-1-positive microglia. Scale bars = 50 um, 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-1-positive BV2 microglia. Scale bars = 50 um, 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 (Fe?*) 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.
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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-1-dependent 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-1-dependent 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.
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Iron also plays an important role in oxidative stress after
ICH [39, 40]. Many studies have confirmed that
bivalent iron promotes production of ROS in cerebral
hemorrhage models; in addition, removal of divalent
iron reduces brain injury [40-42]. Normally, HO-1
promotes decomposition of heme, releasing Fe?*, which
can be degraded. However, in the acute phase of ICH,
increased heme metabolism produces Fe?* in amounts
that exceed the metabolic capacity of the brain.
Subsequently, the release of Fe?" triggers the Fenton
reaction [40], prompting microglia to produce large
amounts of ROS. In our current study, the levels of Fe*
and ROS in the brain tissue of the ICH mice receiving
agomir-183-5p were lower than in the brain tissue of the
control group [26]. The products of heme degradation
also produce carbon monoxide (CO) and biliverdin,
both of which are protective against oxidative damage
from an ROS attack [43, 44]. On the one hand,
microglia degrade heme to avoid continuous oxidation;
on the other hand, CO and biliverdin protect microglia
from ROS. Heme, Fe?', and inflammation promote
early injury of brain tissue after ICH. Overactive
microglia reduce the level of heme but rapidly increase
Fe?* and inflammation. In a previous study [26], we
found that although HO-1 promotes brain injury in the
early stages of ICH, it promotes the recovery of
neurologic function in the later stages. This is related to
the role of HO-1 in promoting the metabolism of heme
and reducing continuous oxidation.

The putative targets of miR-183-5p were predicted using
miRanda software in this study (Supplementary Table
1). We also determined the differentially expressed
MRNAs (Supplementary Table 1) in the brain of mice 3
days after ICH by mRNA-Seq. These mRNAs
(Supplementary Table 1), which are present not only in
the predictive targets of miRNA-183-5p, but also in the
differentially expressed mRNAs of brain tissues after
ICH, may be the ones that competitively bind miR-183-
5p and participate in the process of ICH. For example, it
has been reported that neurons are protected by restoring
HK2-mediated glucose uptake during ischemic brain
injury [45]. Melatonin protects brain tissue by inhibiting
Serpina3n-mediated  neuroinflammation  [46]. In
addition, the brain tissue damage caused by IL-6
depends on the trans-signaling mechanism mediated by
Serpina3n [47]. Lpxn [48], Sucnrl [49], and Csf2rb2
[50] seem to be related to the migration of macrophages.
Ptbp3 [51] can promote the growth and metastasis of
colorectal cancer through the activation of HIF-1a, and
HIF-1a is involved in the ICH process [52]. After ICH,
these mMRNAs may compete with HO-1 mRNA to
combine miR-183-5p and may affect the regulation of
ICH processes by miR-183-5p. To confirm the effect of
miR-183-5p on ICH through HO-1, ZnPP was
administered to downregulate HO-1 expression. As

expected, when HO-1 was inhibited, there was no
difference in the expression of inflammatory factors or
4-HNE between the agomir-treated, antagomir-treated,
and ZnPP-treated ICH groups or in BV2 cells in vitro.
These results suggest that miR-183-5p exerts its anti-
inflammatory and antioxidant effects by inhibiting HO-
1. We also observed that miR-183-5p and miR-6958-3p
were the only miRNAs that targeted HO-1 after ICH.
However, the difference in miR-6958-3p expression
before and after ICH did not meet the log fold change >
2 criterion, indicating that its participation in the ICH
process is not as significant as that of miR-183-5p.

Nrf2 is a transcription factor that promotes upregulation
of ARE-mediated antioxidant gene expression [53, 54].
Nrf2 is activated by cellular oxidative stress and
electrophiles, and it upregulates many genes that
decrease oxidative stress (e.g., superoxide dismutase and
HO-1) or induce phase Il metabolism (in which
exogenous  electrophiles, e.g., Xxenobiotics, are
catabolized) [55]. In the current study, we found that
HO-1 expression was greatly decreased in Nrf2” ICH
mice, whereas the Nrf2 activator, tBHQ, increased HO-1
expression, consistent with a report by Zhao et al. [56].
Although the experimental results from the ICH model
of Nrf2 knockout mice confirmed the brain-protective
effect of Nrf2 [57], HO-1 seems to weaken this effect as
a by-product. Therefore, we wanted to determine
whether exogenous miR-183-5p could reduce HO-1
expression without affecting the activation of Nrf2 or
whether there is a feedback regulation mechanism
between miR-183-5p and Nrf2. This information is
important to determine whether miR-183-5p can be
used to inhibit HO-1 and enhance the brain-protective
effect of Nrf2 in the treatment of secondary injury after
ICH.

We analyzed Nrf2 phosphorylation after up- and
downregulation of miR-183-5p expression and found a
negative correlation between p-Nrf2 and miR-183-5p
expression. When HO-1 was knocked down, the
regulation of mMiRNA-183-5p did not change the
expression level of p-Nrf2. When phosphorylation of
Nrf2 was inhibited, or promoted in Nrf2” and tBHQ-
treated mice, mMIRNA-183-5p was upregulated or
downregulated, respectively; however, this regulatory
relationship disappeared when HO-1 was knocked down.
Therefore, the regulation of Nrf2 and miR-183-5p is
related via HO-1.

We also found that exogenous miR-183-5p agomir is
protective against ICH injury, and this effect is HO-1
dependent, similar to the effect of the HO-1 inhibitor
ZnPP (Supplementary Figure 7) in our previous
study [26]. The secondary injury of ICH is mainly
manifested by clot-derived cytotoxic factors and
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neuroinflammation [58]. Hemoglobin from the clot
induces NO production [59]. Hemoglobin also increases
the permeability of the BBB by activating protease-
activated receptor-1 (PAR-1) [60]. BBB destruction is
the main cause of increased hematoma and brain edema
after ICH [61]. Counterintuitively, HO-1, an enzyme
that promotes hemoglobin metabolism, aggravates brain
damage in the early stages of ICH. This may be due to
the fact that hemoglobin and heme also directly activate
microglia and that the IL-1p and TNF-o secreted by
microglia increase the permeability of the BBB and the
volume of hematoma [62]. In addition, activated
microglia can also secrete chemokine to recruit
neutrophils and monocytes in the circulation, further
aggravating neuroinflammation [63-65]. One of the by-
products of heme metabolism catalyzed by HO-1 is the
increase of divalent iron, which increases the production
of ROS and promotes oxidative damage.

To sum up, overexpression of miR-183-5p protects brain
tissue and improves neurologic function after ICH by
inhibiting HO-1 expression.

In conclusion, we have illustrated that miRNA-183-5p
expression is significantly decreased after ICH in mice.
Exogenous agomir-183-5p reduces oxidative stress and
neuroinflammation by inhibiting HO-1 mRNA expres-
sion. In addition, we also confirmed that miR-183-5p is
associated with Nrf2, but only indirectly, through HO-1.
The miR-183-5p/HO-1 axis may be a novel therapeutic
target for reduction of secondary neuroinflammation
and oxidative damage in hemorrhagic stroke.

MATERIALS AND METHODS
Animals and experimental design

All animal experiments were approved by the
Institutional Animal Care and Use Committee of Harbin
Medical University, Harbin, China. Male C57BL/6 mice
weighing 20-25 g (8 weeks old) were purchased from
the Laboratory Animal Center of Harbin Medical
University. Male Nrf2”- mice weighing 20-25 g (8 weeks
old; CCME Dock No. CCMEB868348, Johns Hopkins
University School of Medicine) were generously
donated by Prof. Wang. The experimental design is
shown in Figure 8.

Agomir-183-5p (miR40000212-4-5) and antagomir-183-
5p (miR30000212-4-5) were synthesized by RiboBio
(Guangzhou, China). The HO-1 inhibitor, zinc
protoporphyrin 1X (ZnPP, 282820), and inducer, cobalt
protoporphyrin IX (CoPP, C1900), were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
Nrf2 activator tBHQ (8.41424) was also purchased from
Sigma-Aldrich.

ICH models

Collagenase was used to induce ICH, as described
previously [41, 66, 67]. Briefly, mice were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg,
intraperitoneal [IP] injection) and placed in a prone
position on a stereotaxic apparatus (Zhongshi
Dichuang, Beijing, China). An incision was made in
the middle of the scalp, and a burr hole was drilled with
a dental drill. Thereafter, a Hamilton syringe (Gaoge,
Shanghai, China) was inserted stereotaxically through
the hole into the right striatum (coordinates [68]: 0.8
mm anterior and 2.2 mm lateral of the bregma, 3.0 mm
deep). ICH was induced by administering 0.4 pL of
collagenase VII-S (0.075 U in 500 nL of saline, Sigma-
Aldrich) over a 5-minute period. To avoid backflow,
the microsyringe was kept in situ for a further 10
minutes before being slowly withdrawn. Following
collagenase infusion, the craniotomies were sealed
with bone wax, and the wounds were sutured. Sham
operations were performed via stereotaxic injection
of an equal volume (0.4 pL) of saline instead of
collagenase. The rectal temperature of the animals was
maintained at 37°C throughout the experimental and
recovery periods.

Intracerebroventricular and IP injection

Agomir-183-5p or antagomir-183-5p (0.5 nmol
dissolved in 0.4 plL of phosphate-buffered saline
[PBS]) was administered before ICH via intra-
cerebroventricular injection. The injection was
performed according to an earlier protocol [69]. The
mice were anesthetized and placed in a prone position,
and a stereotactic head frame was attached. A scalp
incision was made along the midline, and a hole was
drilled on the right side of the skull (0.5 mm posterior
and 1.0 mm lateral to the bregma). Agomir-183-5p or
antagomir-183-5p (0.4 pL) was microinjected into the
left lateral ventricle through a Hamilton syringe (2.5
mm deep). The needle was kept in situ for a further 5
minutes after injection to prevent possible leakage and
then slowly withdrawn over 4 minutes. After the needle
was removed, the craniotomies were closed with bone
wax.

CoPP and ZnPP were dissolved in 0.2 M NaOH, the
pH was adjusted to 7.4, and the solutions were diluted
to 1 mg/mL in normal saline. CoPP (5 mg/kg) was
intraperitoneally injected 24 hours before collagenase
injection and thereafter injected once a day for 4 days.
ZnPP (5 mg/kg) was intraperitoneally injected 2 hours
after collagenase injection and thereafter injected once
a day for 3 days. Needles were inserted into mice
in the sham operation group, without injection.
tBHQ was dissolved in a solution of 10% dimethyl
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sulfoxide (DMSO) and 90% corn oil (50 mg/kg) and
was intraperitoneally injected at 8-hour intervals,
beginning 1 hour after ICH.

Sequencing analysis of MiRNA expression

Low-molecular-weight RNA was isolated from the
brains of mice in the ICH 3-day and sham groups using
the mirVana RNA Isolation Kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). MiRNA
expression profiles were determined with the I[llumina

HiSeq 4000 platform (lllumina, Inc., San Diego, CA,
USA) according to the manufacturer’s instructions. The
sequencing process was supported by Annoroad Gene
Technology Co., Ltd. (Beijing, China).

Tissue processing

For immunofluorescence analyses, the mice were
subjected to cardiac perfusion with cold saline followed
by 4% paraformaldehyde. The brains were removed and
fixed in 4% paraformaldehyde at 4°C for 24 hours.

Sham group
(C57BL/6 male mice, n=3)

ICH group
(C57BL/6 male mice, n=3)

MiRNA-seq

32 miRNAs significantly
increased, 95 miRNAs
decreased

Top 15 miRNAs with
the most different
expression

Y
Selected miR-183-5p in
the following research
(predicted targets of
which included HO-1)

MiR-183-5p/HO-1 expression in the mouse
brain after ICH in sham group, ICH 1d, 3d, 7

d, 14 d, 28 d groups (C57BL/6 male mice,
n=8/ group)

Ranked miRNAs according to fold
change in expression

Selected miRNAs targeting the
proteins related with ICH

3 d as the observation time point

!

Y

}

Sham group, ICH group, ICH + miR-
183-5p agomir group, ICH + miR-
183-5p antagonist group (C57BL/6

male mice, n=8/ group)

l

Brain edema, neurobehavioral
defects, inflammation, oxidative
stress, and ferrous deposition

Sham + ZnPP group, ICH + ZnPP

group, ICH + ZnPP + miR-183-5p

agomir group, ICH + +ZnPP +miR-

183-5p antagonist group (C57BL/6
male mice, n=8/ group)

Mechanism by which miR-183-5p
regulates ICH injury

Sham group, ICH group, ICH + miR-183-
5p agomir group, ICH + miR-183-5p
antagonist group, ICH + ZnPP group,
ICH + CoPP group, ICH + tBHQ group,
ICH + ZnPP + miR-183-5p agomir group,
ICH + ZnPP + antagonist group, ICH +
ZnPP + tBHQ group (C57BL/6 male mice,
n=8/ group)
Nrf2-- + sham group, Nrf2- + ICH group,
Nrf2--+ ICH + miR-183-5p group, Nrf2-
+ ICH + antagonist group, Nrf2+ + ICH +
ZnPP group, Nrf27- + ICH + CoPP group
(C57BL/6 Nrf2-- male mice, n=8/ group)

|

Regulatory relationships among miR-
183-5p, Nrf2 and HO-1 in a mouse model
of ICH

Figure 8. The experimental design. Sham group, sham operation group; ICH group, collagenase-induced intracerebral hemorrhage group;
miRNA-seq, miRNA sequencing; miR-183-5p, microRNA-183-5p; HO-1, heme oxygenase-1; ICH 1 d, 3 d, 7 d, 14 d, 28 d groups, 1 day, 3 days, 7
days, 14 days, 28 days after collagenase-induced intracerebral hemorrhage groups; ZnPP, HO-1 inhibitor zinc protoporphyrin IX; Nrf27",

nuclear factor erythroid 2-related factor knockout; CoPP, HO-1 inducer cobalt protoporphyrin

butylhydroquinone.

IX; tBHQ, Nrf2 activator tert-
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After fixation, the brains were embedded in optimal
cutting temperature compound (OCT, Sakura Tissue-
Tek, Sakura Finetek USA, Inc., Torrance, CA, USA)
and coronally sliced into 15-pum sections. For RT-gPCR
and western blot analyses, the mice were perfused with
cold saline. The brains were then dissected on ice, and
the tissues were flash-frozen in liquid nitrogen and
stored at —80°C until further use.

Ferrous deposition analysis

Lillie ferrous staining (G3320, Solarbio Technology Co.,
Ltd., Beijing, China) was performed to evaluate ferrous
deposition. The tissue was fixed in 10% neutral buffered
formalin, routinely dehydrated and embedded. The 4-pm-
thick sections were routinely dewaxed and rehydrated.
The slices were washed with distilled water for 1 minute
and then soaked in Lillie stain for 30 minutes before being
fully flushed for 2-5 minutes with distilled water. To stain
the nuclei, slides were stained with nuclear solid red
staining solution (Solarbio) for 5-10 minutes and rinsed
with distilled water for 5 seconds. This was followed by
conventional dehydration, clearing, and neutral gum
mounting. For each mouse, 12 locations were selected
(4 fields per section and 3 sections per mouse) to obtain
the average number of Lillie-positive cells per mm?.

Lesion volume analysis

To estimate hematoma volumes, the mouse brains were
sliced coronally through the needle entry site to obtain
serial slices (1-mm thickness) anterior and posterior to
the needle entry plane. Photographs of the serial slices
were taken, and the lesion areas were analyzed using
ImageJ software. Lesion volume (mm?®) was calculated
by multiplying the lesion area in each section by the
thickness of the section and adding up this value for all
sections containing the lesion [70].

Brain water content

Brain edema was determined on day 3 by the wet-dry
weight ratio method, as described previously [71]. This
value was calculated as follows: (wet weight — dry
weight)/wet weight of the brain tissue x 100%.

BBB permeability

BBB permeability was determined 3 days after ICH by
EB extravasation [8]. Briefly, EB (2%, 2 mL/kg, Sigma-
Aldrich) was injected via the caudal vein 0.5 hours
before perfusion. EB leakage was used to assess BBB
permeability. The mouse brains were sliced coronally
through the needle entry site to obtain serial slices (1-
mm thickness) anterior and posterior to the needle entry
plane. Photographs of the serial slices were taken, and

the EB extravasation areas were analyzed using ImageJ
software. The total EB staining volume (mm?®) was
calculated by multiplying the EB staining area in each
section by the thickness of the section and adding up
this value for all sections with EB staining.

Neurologic deficits

Six neurologic tests were carried out by an investigator
blinded to the treatment groups. These tests assessed
body symmetry, gait, climbing behavior, circling
behavior, front limb symmetry, and compulsory
circling. Performance was scored from 0 to 4 for each
test, and the maximum deficit score was 24 [72].

Cell culture and treatment

The BV2 murine microglial cell line was obtained from
Peking Union Medical College (Beijing, China). The
cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient ~ Mixture F-12 (DMEM/F-12)
supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific), 2 mM glutamine, 100 U/mL
penicillin, and 100 mg/mL streptomycin, and incubated
at 37°C in a 5% CO; humidified atmosphere. The cells
were exposed to hemin (10 uM), agomir-183-5p (50
nM), antagomir-183-5p (50 nM), ZnPP (20 mM), or
CoPP (20 mM) for 24 hours. The grouping was similar
to that of animal experiments.

Immunofluorescence

Frozen sections (15-um thick) or cells that had been
fixed with 4% paraformaldehyde were blocked with
10% goat serum at 22°C for 30 minutes and incubated
overnight with primary antibodies at 4°C. Goat anti-
mouse or anti-rabbit antibodies (1:200) from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA,
USA) were incubated with the sections or cells for 1
hour at 22°C the following day. The following primary
antibodies were used: mouse monoclonal anti-HO-1
(1:100, ADI-OSA-110, Enzo Life Sciences, Inc.,
Farmingdale, NY, USA), rabbit anti-lba-1 (1:200,
ab178846, Abcam Plc., Cambridge, UK), and rabbit
anti-myeloperoxidase (MPO, 1:100, ab9535, Abcam).
For each mouse, 12 locations were selected (4 fields per
section and 3 sections per mouse) to obtain the average
number of positive cells. An investigator blinded to the
experimental groups analyzed the sections using ImageJ
software.

gPCR
Total RNA was isolated from mouse striatum and BV2

cells sing TRIzol reagent (Beyotime, Shanghai, China)
according to a published protocol [73]. A PrimeScript
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RT Reagent Kit with gDNA Eraser (Beyotime) and a
Mir-X miRNA First-Strand Synthesis Kit including
primers for U6 (Beyotime) were applied to synthesize
cDNA from mRNA and miRNA, respectively. RT-
gPCR was performed using an iQ5 real-time PCR
system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with SYBR Premix Ex Taq (Beyotime). Every
sample was run in triplicate, and the results were
analyzed using the 224" method. U6 and B-actin were
used to normalize the miRNA and mRNA levels,
respectively. The following primers were synthesized
by Tiangen Biotech Co., Ltd. (Beijing, China): HO-1
primers: 5-CGG GCC AGC AAC AAA GTG-3
(forward), 5’-AGT GTA AGG ACC CAT CGG AGA
A-3’ (reverse); PB-actin primers: 5-TCC TCC CTG
GAG AAG AGC TA-3’ (forward), 5’-TCA GGA GGA
GCA ATG ATC TTG-3’ (reverse). The first cDNA
strands were synthesized from miRNAs using poly(A)
tailing.

Western blot analysis

Briefly, brain tissue or BV2 microglia were
homogenized in radioimmunoprecipitation assay buffer
(P1003B, Beyotime) containing a protease inhibitor
cocktail (P8340, Sigma-Aldrich) and then sonicated on
ice. After centrifugation, the supernatant was collected
for a western blot assay. Aliquots of each sample,
containing 20 pg of protein, were separated by SDS-
PAGE and transferred onto a nitrocellulose membrane.
The membrane was blocked with 5% nonfat milk in a
Tris-buffered saline, 0.1% Tween 20 solution (TBST)
for 2 hours (pH 7.4) and incubated overnight with
primary antibodies against HO-1 (1:1000, Enzo Life
Sciences), Nrf2 (1:1000, ab62353, Abcam), p-Nrf2
(1:5000, ab76026, Abcam), or B-actin (1:1000, ZsBio,
Beijing, China), at 4°C. Thereafter, the membrane was
incubated with secondary antibody for 1 hour at 22°C,
and visualization was performed with a chemi-
luminescence apparatus (HaiGene, Harbin, China).

Luciferase reporter assay

The WT HMOX1 3’-untranslated region (3’-UTR),
which contains the binding site for miR-183-5p, and the
mutant (MUT) HMOX1 3’-UTR were amplified and
inserted into the pmiR-RB-REPORT vector (RiboBio
Co., Ltd., Guangzhou, Guangdong, China) with Xhol
and Sacl double digestion. Both recombinant vectors
were verified by DNA sequencing. Human embryonic
kidney 293 (HEK293) cells were subcultured in 96-well
plates and cotransfected with the recombinant vectors,
miR-183-5p mimic (MiR-183-5p MM), or nontarget
control (NC) using Lipofectamine 2000 (Thermo Fisher
Scientific). The cells were lysed 48 hours after
transfection and subjected to a Dual-Luciferase Reporter

Assay (Promega Corporation, Madison, WI, USA) using
a Varioskan Flash spectral scanning multimode reader
(Thermo Fisher Scientific). Renilla luciferase activity
was normalized to that of firefly luciferase.

ELISA

According to the previous grouping, the brain
homogenates of mice 3 days after ICH were assessed
using ELISA. IL-1B (p1301, Biotime, Shanghai, China),
IL-6 (P1326), TNF-o. (PT512), and 4-HNE (ab238538,
Abcam) levels were determined according to the
manufacturers’ instructions. The concentrations of
cytokines and 4-HNE (pg/mL) were determined using
standard curves obtained from known amounts of I1L-1p,
IL-6, or TNF-a and were expressed as a percentage
relative to their concentrations in the ICH group. BV2
microglia were divided into groups according to the
previous experimental design section, the corresponding
reagents were added to the cell culture media, and the
cells were cultured for 24 hours. At the end of the
incubation, the culture media were collected. The
concentrations of cytokines and 4-HNE (pg/mL) in the
culture media were expressed as a percentage relative to
their concentrations in the culture media of cells
stimulated with hemin (10 uM).

Cell viability

BV-2 microglia (2000 cells in 100 pL per well) were
seeded into 96-well plates and divided into the
following four groups (eight wells per group): the
sham group, hemin (10 puM), hemin (10 pM) +
agomir-183-5p (50 nM), and hemin (10 pM) +
antagomir-183-5p (50 nM). The cells were incubated
for 24 hours, after which 10 pL of Cell Counting Kit-
8 (CCK-8) (C0041, Biotime, Beijing, China) were
added to each well and incubated at 37°C for 4 hours.
CCK-8 contains a novel highly water-soluble
tetrazolium salt that is reduced by dehydrogenase
activity in the cell to form a yellow, water-soluble
formazan dye. The amount of formazan dye is directly
proportional to the amount of living cells. After
incubation, the optical density value at 450 nm was
measured using a microplate reader (model 680, Bio-
Rad). Cell viability was compared to that in the sham
group (100%).

In situ detection of ROS

In vivo ROS detection

ROS were evaluated after ICH via in situ detection of
oxidized hydroethidine [74]. Hydroethidine (Thermo
Fisher Scientific) was dissolved in DMSO and then
diluted in PBS to a final concentration of 1 mg/mL.
Three hundred milliliters of hydroethidine were injected
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intraperitoneally on day 3 after ICH, 2 hours before the
brains were harvested. Fluorescence intensity of
predefined areas of the hemorrhagic striatum in the
brain sections was determined. An investigator blinded
to the experimental groups analyzed the sections using
ImageJ software.

In vitro ROS detection

A total of 1 mg of hydroethidine was dissolved in 2 mL
of DMSO to prepare a stock solution at a concentration
of 1.59 mM. The stock solution was diluted to 10 uM in
DMEM. After exposure to hemin, agomir-183-5p, or
antagomir-183-5p for 24 hours, the above solution was
added, followed by incubation for 2 hours, and the
fluorescence intensity was determined.

Statistical analyses

Differences between two groups were compared using
the Mann-Whitney U test. Statistical comparisons among
multiple groups were made using the Kruskal-Wallis
test. Statistical significance was defined as P < 0.05.
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miRNA-183-5p:  microRNA-183-5p; HO-1: heme
oxygenase-1; Nrf2: nuclear factor erythroid 2-related
factor; BBB: blood-brain barrier; miRNA-Seq: miRNA
sequencing; ELISA: enzyme-linked immunosorbent
assay; ROS: reactive oxygen species; EB: Evans blue;
agomir-183-5p: miR-183-5p agomir; antagomir-183-5p:
miR-183-5p antagomir; ZnPP: zinc protoporphyrin 1X;
Nrf2"-: Nrf2 knockout; CoPP: cobalt protoporphyrin 1X;
WT: wild type; tBHQ: tert-butylhydroquinone; IP:
intraperitoneal injection; DMSO: dimethyl sulfoxide;
Iba-1: ionized calcium binding adapter molecule 1;
MPO: myeloperoxidase; 3’-UTR: 3’-untranslated
region; MUT: mutant; HEK293: human embryonic
kidney 293; miR-183-5p: MM miR-183-5p mimic; NC:
nontarget control; CCK-8: Cell Counting Kit-8; Ipsi-Stri:
ipsilateral striatum; Con-Stri: contralateral striatum;
Cerebel: cerebellum; AREs: antioxidant response
elements; Fe?*: ferrous iron; CO: ca:bon monoxide.

AUTHOR CONTRIBUTIONS

YW participated in the design of the study; carried out
the experiments, including the completion of the animal
model and BV2 cell stimulation models; performed the
statistical analyses for all outcome measures; and
drafted the manuscript. YS and YP assisted in the
design of the study and carried out the experiments,
including the qPCR, western blot assays, dual-luciferase
reporter assays, cell viability, and brain water content
assessment. ZY, WH, and YG performed the

experiments, including the immunofluorescent staining
of cells or brain sections and Lillie ferrous staining of
brain sections. HW and JQ conceived of the study;
participated in data analysis and manuscript preparation;
and proofread the language. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

Thanks to Professor Wang of Johns Hopkins University
School of Medicine for the generous donation of Nrf2”
mice.

CONFLICTS OF INTEREST
The authors have announced no conflicts of interest.
FUNDING

This work was supported by the Natural Science
Foundation of China 81671142 (HW) and the Natural
Science Foundation for the Distinguished Young Scholars
of Heilongjiang Province in China JC2018022 (HW).

REFERENCES

1. Llan X, Han X, Li Q, Yang QW, Wang J. Modulators of
microglial activation and polarization after intracerebral
haemorrhage. Nat Rev Neurol. 2017; 13:420-33.
https://doi.org/10.1038/nrneurol.2017.69
PMID:28524175

2. Min H, Jang YH, Cho IH, Yu SW, Lee SJ. Alternatively
activated brain-infiltrating macrophages facilitate
recovery from collagenase-induced intracerebral
hemorrhage. Mol Brain. 2016; 9:42.
https://doi.org/10.1186/s13041-016-0225-3
PMID:27094968

3. Zhu W, Gao Y, Chang CF, Wan JR, Zhu SS, Wang J.
Mouse models of intracerebral hemorrhage in
ventricle, cortex, and hippocampus by injections of
autologous blood or collagenase. PLoS One. 2014;
9:e97423.
https://doi.org/10.1371/journal.pone.0097423
PMID:24831292

4. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage:
mechanisms of injury and therapeutic targets. Lancet
Neurol. 2012; 11:720-31.
https://doi.org/10.1016/S1474-4422(12)70104-7
PMID:22698888

5. Urday S, Kimberly WT, Beslow LA, Vortmeyer AO, Selim
MH, Rosand J, Simard JM, Sheth KN. Targeting
secondary injury in intracerebral haemorrhage—
perihaematomal oedema. Nat Rev Neurol. 2015;
11:111-22.

WWW.aging-us.com 12883

AGING


https://doi.org/10.1038/nrneurol.2017.69
https://pubmed.ncbi.nlm.nih.gov/28524175
https://doi.org/10.1186/s13041-016-0225-3
https://pubmed.ncbi.nlm.nih.gov/27094968
https://doi.org/10.1371/journal.pone.0097423
https://pubmed.ncbi.nlm.nih.gov/24831292
https://doi.org/10.1016/S1474-4422(12)70104-7
https://pubmed.ncbi.nlm.nih.gov/22698888

10.

11.

12.

13.

https://doi.org/10.1038/nrneurol.2014.264
PMID:25623787

Lan X, Han X, Liu X, Wang J. Inflammatory responses
after intracerebral hemorrhage: from cellular function
to therapeutic targets. J Cereb Blood Flow Metab.
2019; 39:184-86.
https://doi.org/10.1177/0271678X18805675
PMID:30346222

Yang X, Sun J, Kim TJ, Kim YJ, Ko SB, Kim CK, Jia X, Yoon
BW. Pretreatment with low-dose fimasartan
ameliorates NLRP3 inflammasome-mediated
neuroinflammation and brain injury after intracerebral
hemorrhage. Exp Neurol. 2018; 310:22-32.
https://doi.org/10.1016/j.expneurol.2018.08.013
PMID:30171865

Yang J, Li Q, Wang Z, Qi C, Han X, Lan X, Wan J, Wang
W, Zhao X, Hou Z, Gao C, Carhuapoma JR, Mori §, et al.
Multimodality MRI assessment of grey and white
matter injury and blood-brain barrier disruption after
intracerebral haemorrhage in mice. Sci Rep. 2017;
7:40358.

https://doi.org/10.1038/srep40358

PMID:28084426

Han X, Lan X, Li Q, Gao Y, Zhu W, Cheng T, Maruyama
T, Wang J. Inhibition of prostaglandin E2 receptor EP3
mitigates thrombin-induced brain injury. J Cereb Blood
Flow Metab. 2016; 36:1059-74.
https://doi.org/10.1177/0271678X15606462
PMID:26661165

Han X, Zhao X, Lan X, Li Q, Gao Y, Liu X, Wan J, Yang Z,
Chen X, Zang W, Guo AM, Falck JR, Koehler RC, Wang J.
20-HETE synthesis inhibition promotes cerebral
protection after intracerebral hemorrhage without
inhibiting angiogenesis. J Cereb Blood Flow Metab.
2019; 39:1531-43.
https://doi.org/10.1177/0271678X18762645
PMID:29485354

Li Q, Weiland A, Chen X, Lan X, Han X, Durham F, Liu X,
Wan J, Ziai WC, Hanley DF, Wang J. Ultrastructural
characteristics of neuronal death and white matter
injury in mouse brain tissues after intracerebral
hemorrhage: coexistence of ferroptosis, autophagy,
and necrosis. Front Neurol. 2018; 9:581.
https://doi.org/10.3389/fneur.2018.00581
PMID:30065697

Weiland A, Wang Y, Wu W, Lan X, Han X, Li Q, Wang J.
Ferroptosis and its role in diverse brain diseases. Mol
Neurobiol. 2019; 56:4880-93.
https://doi.org/10.1007/s12035-018-1403-3
PMID:30406908

Li G, Morris-Blanco KC, Lopez MS, Yang T, Zhao H,
Vemuganti R, Luo Y. Impact of microRNAs on ischemic

14.

15.

16.

17.

18.

19.

20.

21.

stroke: from pre- to post-disease. Prog Neurobiol.
2018; 163:59-78.
https://doi.org/10.1016/j.pneurobio.2017.08.002
PMID:28842356

Zheng HW, Wang YL, Lin JX, Li N, Zhao XQ, Liu GF, Liu
LP, Jiao Y, Gu WK, Wang DZ, Wang YJ. Circulating
MicroRNAs as potential risk biomarkers for hematoma
enlargement after intracerebral hemorrhage. CNS
Neurosci Ther. 2012; 18:1003-11.
https://doi.org/10.1111/cns.12019

PMID:23190933

Iwuchukwu I, Nguyen D, Sulaiman W. MicroRNA profile
in cerebrospinal fluid and plasma of patients with
spontaneous intracerebral hemorrhage. CNS Neurosci
Ther. 2016; 22:1015-18.
https://doi.org/10.1111/cns.12656 PMID:27870468

Guo D, Liu J, Wang W, Hao F, Sun X, Wu X, Bu P, Zhang
Y, Liu Y, Liu F, Zhang Q, Jiang F. Alteration in abundance
and compartmentalization of inflammation-related
miRNAs in plasma after intracerebral hemorrhage.
Stroke. 2013; 44:1739-42.
https://doi.org/10.1161/STROKEAHA.111.000835
PMID:23559260

Liu DZ, Tian Y, Ander BP, Xu H, Stamova BS, Zhan X,
Turner RJ, lJickling G, Sharp FR. Brain and blood
microRNA expression profiling of ischemic stroke,
intracerebral hemorrhage, and kainate seizures. J
Cereb Blood Flow Metab. 2010; 30:92-101.
https://doi.org/10.1038/jcbfm.2009.186
PMID:19724284

Martinez B, Peplow PV. Blood microRNAs as potential
diagnostic markers for hemorrhagic stroke. Neural
Regen Res. 2017; 12:13-18.
https://doi.org/10.4103/1673-5374.198965
PMID:28250731

Xi T, Jin F, Zhu Y, Wang J, Tang L, Wang Y, Liebeskind
DS, He Z. MicroRNA-126-3p attenuates blood-brain
barrier disruption, cerebral edema and neuronal injury
following intracerebral hemorrhage by regulating
PIK3R2 and akt. Biochem Biophys Res Commun. 2017;
494:144-51.
https://doi.org/10.1016/j.bbrc.2017.10.064
PMID:29042193

Yuan B, Shen H, Lin L, Su T, Zhong L, Yang Z
MicroRNA367 negatively regulates the inflammatory
response of microglia by targeting IRAK4 in
intracerebral hemorrhage. J Neuroinflammation. 2015;
12:206.

https://doi.org/10.1186/s12974-015-0424-3
PMID:26552593

Yang Z, Zhong L, Xian R, Yuan B. MicroRNA-223
regulates inflammation and brain injury via feedback to

WWW.aging-us.com

12884

AGING


https://doi.org/10.1038/nrneurol.2014.264
https://pubmed.ncbi.nlm.nih.gov/25623787
https://doi.org/10.1177/0271678X18805675
https://pubmed.ncbi.nlm.nih.gov/30346222
https://doi.org/10.1016/j.expneurol.2018.08.013
https://pubmed.ncbi.nlm.nih.gov/30171865
https://doi.org/10.1038/srep40358
https://pubmed.ncbi.nlm.nih.gov/28084426
https://doi.org/10.1177/0271678X15606462
https://pubmed.ncbi.nlm.nih.gov/26661165
https://doi.org/10.1177/0271678X18762645
https://pubmed.ncbi.nlm.nih.gov/29485354
https://doi.org/10.3389/fneur.2018.00581
https://pubmed.ncbi.nlm.nih.gov/30065697
https://doi.org/10.1007/s12035-018-1403-3
https://pubmed.ncbi.nlm.nih.gov/30406908
https://doi.org/10.1016/j.pneurobio.2017.08.002
https://pubmed.ncbi.nlm.nih.gov/28842356
https://doi.org/10.1111/cns.12019
https://pubmed.ncbi.nlm.nih.gov/23190933
https://doi.org/10.1111/cns.12656
https://pubmed.ncbi.nlm.nih.gov/27870468
https://doi.org/10.1161/STROKEAHA.111.000835
https://pubmed.ncbi.nlm.nih.gov/23559260
https://doi.org/10.1038/jcbfm.2009.186
https://pubmed.ncbi.nlm.nih.gov/19724284
https://doi.org/10.4103/1673-5374.198965
https://pubmed.ncbi.nlm.nih.gov/28250731
https://doi.org/10.1016/j.bbrc.2017.10.064
https://pubmed.ncbi.nlm.nih.gov/29042193
https://doi.org/10.1186/s12974-015-0424-3
https://pubmed.ncbi.nlm.nih.gov/26552593

22.

23.

24.

25.

26.

27.

28.

29.

NLRP3 inflammasome after intracerebral hemorrhage.
Mol Immunol. 2015; 65:267-76.
https://doi.org/10.1016/j.molimm.2014.12.018
PMID:25710917

Yu A, Zhang T, Duan H, Pan Y, Zhang X, Yang G, Wang
J, Deng Y, Yang Z. MiR-124 contributes to M2
polarization of microglia and confers brain
inflammatory protection via the C/EBP-a pathway in
intracerebral hemorrhage. Immunol Lett. 2017;
182:1-11.

https://doi.org/10.1016/j.imlet.2016.12.003
PMID:28025043

Ma XL, Li SY, Shang F. Effect of microRNA-129-5p

targeting HMGB1-RAGE signaling pathway on
revascularization in a collagenase-induced
intracerebral hemorrhage rat model. Biomed

Pharmacother. 2017; 93:238-44.
https://doi.org/10.1016/j.biopha.2017.06.012
PMID:28645008

Huang J, Song J, Qu M, Wang Y, An Q, Song Y, Yan W,
Wang B, Wang X, Zhang S, Chen X, Zhao B, Liu P, et al.
MicroRNA-137 and microRNA-195* inhibit
vasculogenesis in brain arteriovenous malformations.
Ann Neurol. 2017; 82:371-84.
https://doi.org/10.1002/ana.25015 PMID:28802071

Wang J, Doré S. Heme oxygenase-1 exacerbates early
brain injury after intracerebral haemorrhage. Brain.
2007; 130:1643-52.
https://doi.org/10.1093/brain/awm095
PMID:17525142

Zhang Z, Song Y, Zhang Z, Li D, Zhu H, Liang R, Gu Y,
Pang Y, Qi J, Wu H, Wang J. Distinct role of heme
oxygenase-1 in early- and late-stage intracerebral
hemorrhage in 12-month-old mice. J Cereb Blood Flow
Metab. 2017; 37:25-38.
https://doi.org/10.1177/0271678X16655814
PMID:27317654

Wang J, Doré S. Inflammation after intracerebral
hemorrhage. J Cereb Blood Flow Metab. 2007;
27:894-908.
https://doi.org/10.1038/sj.jcbfm.9600403
PMID:17033693

Wang J, Tsirka SE. Contribution of extracellular
proteolysis and microglia to intracerebral hemorrhage.
Neurocrit Care. 2005; 3:77-85.
https://doi.org/10.1385/NCC:3:1:077

PMID:16159103

Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J.
Role of Nrf2/HO-1 system in development, oxidative

30.

31.

32.

33.

34.

35.

36.

37.

38.

https://doi.org/10.1007/s00018-016-2223-0
PMID:27100828

Na HK, Surh YJ. Oncogenic potential of Nrf2 and its
principal target protein heme oxygenase-1. Free Radic
Biol Med. 2014; 67:353-65.
https://doi.org/10.1016/j.freeradbiomed.2013.10.819
PMID:24200599

Sukumari-Ramesh S, Alleyne CH Jr. Post-injury
administration of tert-butylhydroquinone attenuates
acute neurological injury after intracerebral
hemorrhage in mice. ) Mol Neurosci. 2016; 58:525-31.
https://doi.org/10.1007/s12031-016-0722-y
PMID:26867538

Li R, Jia Z, Zhu H. Regulation of Nrf2 signaling. React
Oxyg Species (Apex). 2019; 8:312-22.
PMID:31692987

Huang HC, Nguyen T, Pickett CB. Phosphorylation of
Nrf2 at ser-40 by protein kinase C regulates antioxidant
response element-mediated transcription. J Biol Chem.
2002; 277:42769-74.
https://doi.org/10.1074/jbc.M206911200
PMID:12198130

Gozzelino R, Jeney V, Soares MP. Mechanisms of cell
protection by heme oxygenase-1. Annu Rev Pharmacol
Toxicol. 2010; 50:323-54.
https://doi.org/10.1146/annurev.pharmtox.010909.10
5600 PMID:20055707

Taylor RA, Sansing LH. Microglial responses after
ischemic stroke and intracerebral hemorrhage. Clin
Dev Immunol. 2013; 2013:746068.
https://doi.org/10.1155/2013/746068
PMID:24223607

Eder C. Regulation of microglial behavior by ion
channel activity. J Neurosci Res. 2005; 81:314-21.
https://doi.org/10.1002/jnr.20476

PMID:15929071

Taylor RA, Chang CF, Goods BA, Hammond MD, Mac
Grory B, Ai Y, Steinschneider AF, Renfroe SC, Askenase
MH, McCullough LD, Kasner SE, Mullen MT, Hafler DA,
et al. TGF-B1 modulates microglial phenotype and
promotes recovery after intracerebral hemorrhage. J
Clin Invest. 2017; 127:280-92.
https://doi.org/10.1172/)CI88647

PMID:27893460

Cai Y, Cho GS, Ju C, Wang SL, Ryu JH, Shin CY, Kim HS,
Nam KW, Jalin AM, Sun W, Choi Y, Kim WK. Activated
microglia are less vulnerable to hemin toxicity due to
nitric oxide-dependent inhibition of JNK and p38 MAPK

stress response and diseases: an evolutionarily activation. J Immunol. 2011; 187:1314-21.
conserved mechanism. Cell Mol Life Sci. 2016; https://doi.org/10.4049/jimmunol.1002925
73:3221-47. PMID:21709153

Wwww.aging-us.com 12885 AGING


https://doi.org/10.1016/j.molimm.2014.12.018
https://pubmed.ncbi.nlm.nih.gov/25710917
https://doi.org/10.1016/j.imlet.2016.12.003
https://pubmed.ncbi.nlm.nih.gov/28025043
https://doi.org/10.1016/j.biopha.2017.06.012
https://pubmed.ncbi.nlm.nih.gov/28645008
https://doi.org/10.1002/ana.25015
https://pubmed.ncbi.nlm.nih.gov/28802071
https://doi.org/10.1093/brain/awm095
https://pubmed.ncbi.nlm.nih.gov/17525142
https://doi.org/10.1177/0271678X16655814
https://pubmed.ncbi.nlm.nih.gov/27317654
https://doi.org/10.1038/sj.jcbfm.9600403
https://pubmed.ncbi.nlm.nih.gov/17033693
https://doi.org/10.1385/NCC:3:1:077
https://pubmed.ncbi.nlm.nih.gov/16159103
https://doi.org/10.1007/s00018-016-2223-0
https://pubmed.ncbi.nlm.nih.gov/27100828
https://doi.org/10.1016/j.freeradbiomed.2013.10.819
https://pubmed.ncbi.nlm.nih.gov/24200599
https://doi.org/10.1007/s12031-016-0722-y
https://pubmed.ncbi.nlm.nih.gov/26867538
https://pubmed.ncbi.nlm.nih.gov/31692987
https://doi.org/10.1074/jbc.M206911200
https://pubmed.ncbi.nlm.nih.gov/12198130
https://doi.org/10.1146/annurev.pharmtox.010909.105600
https://doi.org/10.1146/annurev.pharmtox.010909.105600
https://pubmed.ncbi.nlm.nih.gov/20055707
https://doi.org/10.1155/2013/746068
https://pubmed.ncbi.nlm.nih.gov/24223607
https://doi.org/10.1002/jnr.20476
https://pubmed.ncbi.nlm.nih.gov/15929071
https://doi.org/10.1172/JCI88647
https://pubmed.ncbi.nlm.nih.gov/27893460
https://doi.org/10.4049/jimmunol.1002925
https://pubmed.ncbi.nlm.nih.gov/21709153

39.

40.

41.

42.

43.

44.

45.

46.

Chen Q, Tang J, Tan L, Guo J, Tao Y, Li L, Chen Y, Liu X,
Zhang JH, Chen Z, Feng H. Intracerebral hematoma
contributes to hydrocephalus after intraventricular
hemorrhage via aggravating iron accumulation. Stroke.
2015; 46:2902-08.
https://doi.org/10.1161/STROKEAHA.115.009713
PMID:26265129

Wang G, Hu W, Tang Q, Wang L, Sun XG, Chen Y, Yin Y,
Xue F, Sun Z. Effect comparison of both iron chelators
on outcomes, iron deposit, and iron transporters after
intracerebral hemorrhage in rats. Mol Neurobiol. 2016;
53:3576-85.
https://doi.org/10.1007/s12035-015-9302-3
PMID:26099311

Li Q Wan J, Lan X, Han X, Wang Z, Wang J.
Neuroprotection of brain-permeable iron chelator VK-
28 against intracerebral hemorrhage in mice. J Cereb
Blood Flow Metab. 2017; 37:3110-23.
https://doi.org/10.1177/0271678X17709186
PMID:28534662

Stockwell BR, Friedmann Angeli JP, Bayir H, Bush Al,
Conrad M, Dixon SJ, Fulda S, Gascén S, Hatzios SK,
Kagan VE, Noel K, lJiang X, Linkermann A, et al.
Ferroptosis: a regulated cell death nexus linking
metabolism, redox biology, and disease. Cell. 2017;
171:273-85.
https://doi.org/10.1016/j.cell.2017.09.021
PMID:28985560

Gonzalez-Sanchez E, Perez MJ, Nytofte NS, Briz O,
Monte MJ, Lozano E, Serrano MA, Marin JJ. Protective
role of biliverdin against bile acid-induced oxidative
stress in liver cells. Free Radic Biol Med. 2016;
97:466-77.
https://doi.org/10.1016/j.freeradbiomed.2016.06.016
PMID:27387768

Liu XM, Peyton KJ, Durante W. Ammonia promotes
endothelial cell survival via the heme oxygenase-1-
mediated release of carbon monoxide. Free Radic Biol
Med. 2017; 102:37-46.
https://doi.org/10.1016/j.freeradbiomed.2016.11.029
PMID:27867098

Zeng X, Liu N, Zhang J, Wang L, Zhang Z, Zhu J, Li Q,
Wang Y. Inhibition of miR-143 during ischemia cerebral
injury protects neurones through recovery of the
hexokinase 2-mediated glucose uptake. Biosci Rep.
2017; 37:BSR20170216.
https://doi.org/10.1042/BSR20170216
PMID:28522551

Campbell IL, Erta M, Lim SL, Frausto R, May U, Rose-
John S, Scheller J, Hidalgo J. Trans-signaling is a
dominant mechanism for the pathogenic actions of

47.

48.

49.

50.

51.

52.

53.

https://doi.org/10.1523/INEUROSCI.2830-13.2014
PMID:24523541

Xi Y, Liu M, Xu S, Hong H, Chen M, Tian L, Xie J, Deng P,
Zhou C, Zhang L, He M, Chen C, Lu Y, et al. Inhibition of
SERPINA3N-dependent neuroinflammation is essential
for melatonin to ameliorate trimethyltin chloride-
induced neurotoxicity. J Pineal Res. 2019; 67:e12596.
https://doi.org/10.1111/jpi.12596

PMID:31332839

Murrey MW, Steer JH, Greenland EL, Proudfoot JM,
Joyce DA, Pixley FJ. Adhesion, motility and matrix-
degrading gene expression changes in CSF-1-induced
mouse macrophage differentiation. J Cell Sci. 2020;
133:jcs232405.

https://doi.org/10.1242/jcs.232405

PMID:32005697

Keiran N, Ceperuelo-Mallafré V, Calvo E, Hernandez-
Alvarez MI, Ejarque M, Nufez-Roa C, Horrillo D,
Maymé-Masip E, Rodriguez MM, Fradera R, de la Rosa
JV, Jorba R, Megia A, et al. SUCNR1 controls an anti-
inflammatory program in macrophages to regulate the
metabolic response to obesity. Nat Immunol. 2019;
20:581-92.
https://doi.org/10.1038/s41590-019-0372-7
PMID:30962591

Schultze C, Hildebrand F, Noack S, Krettek C, Zeckey C,
Neunaber C. Identification of potential biomarkers for
post-traumatic complications released after trauma-
hemorrhage from murine kupffer cells and its
investigation in lung and liver. Biomarkers. 2016;
21:645-52.
https://doi.org/10.3109/1354750X.2016.1171908
PMID:27120970

Hou P, Chen F, Yong H, Lin T, Li J, Pan Y, Jiang T, Li M,
Chen Y, Song J, Zheng J, Bai J. PTBP3 contributes to
colorectal cancer growth and metastasis via
translational activation of HIF-1a. J Exp Clin Cancer Res.
2019; 38:301.
https://doi.org/10.1186/s13046-019-1312-y
PMID:31291975

ShenY, Gu J, Liu Z, Xu C, Qian S, Zhang X, Zhou B, Guan
Q, Sun Y, Wang Y, Jin X. Inhibition of HIF-1a reduced
blood brain barrier damage by regulating MMP-2 and
VEGF during acute cerebral ischemia. Front Cell
Neurosci. 2018; 12:288.
https://doi.org/10.3389/fncel.2018.00288
PMID:30233326

Lan X, Han X, Li Q, Wang J. (-)-epicatechin, a natural
flavonoid compound, protects astrocytes against
hemoglobin toxicity via Nrf2 and AP-1 signaling
pathways. Mol Neurobiol. 2017; 54:7898-907.

interleukin-6 in the brain. J Neurosci. 2014; https://doi.org/10.1007/s12035-016-0271-y
34:2503-13. PMID:27864733
Wwww.aging-us.com 12886 AGING


https://doi.org/10.1161/STROKEAHA.115.009713
https://pubmed.ncbi.nlm.nih.gov/26265129
https://doi.org/10.1007/s12035-015-9302-3
https://pubmed.ncbi.nlm.nih.gov/26099311
https://doi.org/10.1177/0271678X17709186
https://pubmed.ncbi.nlm.nih.gov/28534662
https://doi.org/10.1016/j.cell.2017.09.021
https://pubmed.ncbi.nlm.nih.gov/28985560
https://doi.org/10.1016/j.freeradbiomed.2016.06.016
https://pubmed.ncbi.nlm.nih.gov/27387768
https://doi.org/10.1016/j.freeradbiomed.2016.11.029
https://pubmed.ncbi.nlm.nih.gov/27867098
https://doi.org/10.1042/BSR20170216
https://pubmed.ncbi.nlm.nih.gov/28522551
https://doi.org/10.1523/JNEUROSCI.2830-13.2014
https://pubmed.ncbi.nlm.nih.gov/24523541
https://doi.org/10.1111/jpi.12596
https://pubmed.ncbi.nlm.nih.gov/31332839
https://doi.org/10.1242/jcs.232405
https://pubmed.ncbi.nlm.nih.gov/32005697
https://doi.org/10.1038/s41590-019-0372-7
https://pubmed.ncbi.nlm.nih.gov/30962591
https://doi.org/10.3109/1354750X.2016.1171908
https://pubmed.ncbi.nlm.nih.gov/27120970
https://doi.org/10.1186/s13046-019-1312-y
https://pubmed.ncbi.nlm.nih.gov/31291975
https://doi.org/10.3389/fncel.2018.00288
https://pubmed.ncbi.nlm.nih.gov/30233326
https://doi.org/10.1007/s12035-016-0271-y
https://pubmed.ncbi.nlm.nih.gov/27864733

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chang CF, Cho S, Wang J. (-)-epicatechin protects
hemorrhagic brain via synergistic Nrf2 pathways. Ann
Clin Transl Neurol. 2014; 1:258-71.
https://doi.org/10.1002/acn3.54

PMID:24741667

Boyle JJ, Johns M, Lo J, Chiodini A, Ambrose N, Evans
PC, Mason JC, Haskard DO. Heme induces heme
oxygenase 1 via Nrf2: role in the homeostatic
macrophage response to intraplaque hemorrhage.
Arterioscler Thromb Vasc Biol. 2011; 31:2685-91.
https://doi.org/10.1161/ATVBAHA.111.225813
PMID:21868703

Zhao X, Sun G, Ting SM, Song S, Zhang J, Edwards NJ,
Aronowski J. Cleaning up after ICH: the role of Nrf2 in
modulating microglia function and hematoma
clearance. J Neurochem. 2015; 133:144-52.
https://doi.org/10.1111/jnc.12974

PMID:25328080

Wang J, Fields J, Zhao C, Langer J, Thimmulappa RK,
Kensler TW, Yamamoto M, Biswal S, Doré S. Role of
Nrf2 in protection against intracerebral hemorrhage
injury in mice. Free Radic Biol Med. 2007; 43:408-14.
https://doi.org/10.1016/j.freeradbiomed.2007.04.020
PMID:17602956

Askenase MH, Sansing LH. Stages of the inflammatory

response in pathology and tissue repair after
intracerebral hemorrhage. Semin Neurol. 2016;
36:288-97.

https://doi.org/10.1055/s-0036-1582132
PMID:27214704

Yang S, Chen Y, Deng X, Jiang W, Li B, Fu Z, Du M, Ding
R. Hemoglobin-induced nitric oxide synthase
overexpression and nitric oxide production contribute
to blood-brain barrier disruption in the rat. J Mol
Neurosci. 2013; 51:352—-63.
https://doi.org/10.1007/s12031-013-9990-y
PMID:23494638

Liu DZ, Ander BP, Xu H, Shen Y, Kaur P, Deng W, Sharp
FR. Blood-brain barrier breakdown and repair by src
after thrombin-induced injury. Ann Neurol. 2010;
67:526-33.

https://doi.org/10.1002/ana.21924

PMID:20437588

Aronowski J, Zhao X. Molecular pathophysiology of
cerebral hemorrhage: secondary brain injury. Stroke.
2011; 42:1781-86.
https://doi.org/10.1161/STROKEAHA.110.596718
PMID:21527759

Tschoe C, Bushnell CD, Duncan PW, Alexander-Miller
MA, Wolfe SQ. Neuroinflammation after intracerebral
hemorrhage and potential therapeutic targets. J
Stroke. 2020; 22:29-46.

63.

64.

65.

66.

67.

68.

69.

70.

https://doi.org/10.5853/j0s.2019.02236
PMID:32027790

Gong C, Hoff JT, Keep RF. Acute inflammatory reaction
following experimental intracerebral hemorrhage in
rat. Brain Res. 2000; 871:57-65.
https://doi.org/10.1016/s0006-8993(00)02427-6
PMID:10882783

Moxon-Emre 1, Schlichter LC. Neutrophil depletion
reduces blood-brain barrier breakdown, axon injury,
and inflammation after intracerebral hemorrhage. J
Neuropathol Exp Neurol. 2011; 70:218-35.
https://doi.org/10.1097/NEN.Ob013e31820d94a5
PMID:21293296

Lattanzi S, Cagnetti C, Provinciali L, Silvestrini M.
Neutrophil-to-lymphocyte ratio predicts the outcome
of acute intracerebral hemorrhage. Stroke. 2016;
47:1654-57.
https://doi.org/10.1161/STROKEAHA.116.013627
PMID:27165957

Wang J, Rogove AD, Tsirka AE, Tsirka SE. Protective
role of tuftsin fragment 1-3 in an animal model of
intracerebral hemorrhage. Ann Neurol. 2003;
54:655-64.

https://doi.org/10.1002/ana.10750

PMID:14595655

Manaenko A, Yang P, Nowrangi D, Budbazar E,
Hartman RE, Obenaus A, Pearce WJ, Zhang JH, Tang J.
Inhibition of stress fiber formation preserves blood-
brain barrier after intracerebral hemorrhage in mice. J
Cereb Blood Flow Metab. 2018; 38:87-102.
https://doi.org/10.1177/0271678X16679169
PMID:27864464

Wu H, Wu T, Li M, Wang J. Efficacy of the lipid-soluble
iron chelator 2,2’-dipyridyl against hemorrhagic brain
injury. Neurobiol Dis. 2012; 45:388-94.
https://doi.org/10.1016/j.nbd.2011.08.028
PMID:21930208

Hu Q, Manaenko A, Bian H, Guo Z, Huang JL, Guo ZN,
Yang P, Tang J, Zhang JH. Hyperbaric oxygen reduces
infarction volume and hemorrhagic transformation
through ATP/NAD*/Sirtl1 pathway in hyperglycemic
middle cerebral artery occlusion rats. Stroke. 2017;
48:1655-64.
https://doi.org/10.1161/STROKEAHA.116.015753
PMID:28495827

Wu H, Wu T, Han X, Wan J, Jiang C, Chen W, Lu H,
Yang Q, Wang J. Cerebroprotection by the neuronal
PGE2 receptor EP2 after intracerebral hemorrhage in
middle-aged mice. J Cereb Blood Flow Metab. 2017;
37:39-51.
https://doi.org/10.1177/0271678X15625351
PMID:26746866

WWW.aging-us.com

12887

AGING


https://doi.org/10.1002/acn3.54
https://pubmed.ncbi.nlm.nih.gov/24741667
https://doi.org/10.1161/ATVBAHA.111.225813
https://pubmed.ncbi.nlm.nih.gov/21868703
https://doi.org/10.1111/jnc.12974
https://pubmed.ncbi.nlm.nih.gov/25328080
https://doi.org/10.1016/j.freeradbiomed.2007.04.020
https://pubmed.ncbi.nlm.nih.gov/17602956
https://doi.org/10.1055/s-0036-1582132
https://pubmed.ncbi.nlm.nih.gov/27214704
https://doi.org/10.1007/s12031-013-9990-y
https://pubmed.ncbi.nlm.nih.gov/23494638
https://doi.org/10.1002/ana.21924
https://pubmed.ncbi.nlm.nih.gov/20437588
https://doi.org/10.1161/STROKEAHA.110.596718
https://pubmed.ncbi.nlm.nih.gov/21527759
https://doi.org/10.5853/jos.2019.02236
https://pubmed.ncbi.nlm.nih.gov/32027790
https://doi.org/10.1016/s0006-8993(00)02427-6
https://pubmed.ncbi.nlm.nih.gov/10882783
https://doi.org/10.1097/NEN.0b013e31820d94a5
https://pubmed.ncbi.nlm.nih.gov/21293296
https://doi.org/10.1161/STROKEAHA.116.013627
https://pubmed.ncbi.nlm.nih.gov/27165957
https://doi.org/10.1002/ana.10750
https://pubmed.ncbi.nlm.nih.gov/14595655
https://doi.org/10.1177/0271678X16679169
https://pubmed.ncbi.nlm.nih.gov/27864464
https://doi.org/10.1016/j.nbd.2011.08.028
https://pubmed.ncbi.nlm.nih.gov/21930208
https://doi.org/10.1161/STROKEAHA.116.015753
https://pubmed.ncbi.nlm.nih.gov/28495827
https://doi.org/10.1177/0271678X15625351
https://pubmed.ncbi.nlm.nih.gov/26746866

71.

72.

73.

Wang J, Tsirka SE. Tuftsin fragment 1-3 is beneficial
when delivered after the induction of intracerebral
hemorrhage. Stroke. 2005; 36:613—18.
https://doi.org/10.1161/01.STR.0000155729.12931.8f
PMID:15692122

Wang J, Zhuang H, Doré S. Heme oxygenase 2 is
neuroprotective against intracerebral hemorrhage.
Neurobiol Dis. 2006; 22:473-76.
https://doi.org/10.1016/j.nbd.2005.12.009
PMID:16459095

Li Q, Lan X, Han X, Wang J. Expression of Tmem119/
Salll and Ccr2/ CD69 in FACS-sorted microglia- and

74.

monocyte/macrophage-enriched cell populations after
intracerebral hemorrhage. Front Cell Neurosci. 2019;
12:520.

https://doi.org/10.3389/fncel.2018.00520
PMID:30687011

Zhao X, Wu T, Chang CF, Wu H, Han X, LiQ, Gao Y, Li Q,
Hou Z, Maruyama T, Zhang J, Wang J. Toxic role of
prostaglandin E2 receptor EP1 after intracerebral
hemorrhage in mice. Brain Behav Immun. 2015;
46:293-310.
https://doi.org/10.1016/j.bbi.2015.02.011
PMID:25697396

WWW.aging-us.com

12888

AGING


https://doi.org/10.1161/01.STR.0000155729.12931.8f
https://pubmed.ncbi.nlm.nih.gov/15692122
https://doi.org/10.1016/j.nbd.2005.12.009
https://pubmed.ncbi.nlm.nih.gov/16459095
https://doi.org/10.3389/fncel.2018.00520
https://pubmed.ncbi.nlm.nih.gov/30687011
https://doi.org/10.1016/j.bbi.2015.02.011
https://pubmed.ncbi.nlm.nih.gov/25697396

SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. A negative correlation was observed between the time course of heme oxygenase-1 (HO-1)
expression and miR-183-5p after intracerebral hemorrhaging (ICH). (A) Above: western blotting showed HO-1 expression at
different time points after ICH. Below: quantitative analysis of HO-1 protein expression at different time points after ICH. n = 8/group. (B)
Quantitative analysis of HO-1 mRNA expression at different time points after ICH by gPCR. n = 8/group. (C) Quantitative analysis of miRNA-
183-5p expression at different time points after ICH by qPCR. n = 8/group. Values are presented as the mean + standard deviation. *P <
0.05 vs. the sham group.
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Supplementary Figure 2. Treatment with miR-183-5p reduced cytokine release from BV2 microglia exposed to hemin.
Quantitative analysis of cytokine expression in the supernatants of cultured BV2 microglia from different groups at 24 hours after hemin
treatment. n = 3/group. Values are presented as the mean * standard deviation. *P < 0.05 vs. the hemin group.
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Supplementary Figure 3. Treatment with miR-183-5p reduced reactive oxygen species (ROS) production by damaging BV2
microglia exposed to hemin. (A) Representative immunofluorescence images of hydroethidine-positive ROS in BV2 microglia from
different groups. n = 3/group. miR-183-5p reduced the number of microglial cells treated with hemin for 24 hours, and the total amount of
ROS decreased. (B) Quantitative analysis of ROS fluorescence intensity in (A). (C) Quantitative analysis of 4-HNE in BV2 microglia from
different groups. n = 3/group. Values are presented as the mean * standard deviation. *P < 0.05 vs. the hemin group.
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Supplementary Figure 4. miR-183-5p alleviated inflammation and oxidative damage by directly targeting heme oxygenase-
1 (HO-1). (A) Above: western blotting revealed that miRNA-183-5p downregulated HO-1 expression. Below: quantitative analysis of HO-1
protein expression in different groups. n = 3/group. (B) Quantitative analysis of cytokines from the supernatants of cultured BV2 microglia
and 4-HNE expression in BV2 microglia from different groups pretreated with the HO-1 inhibitor zinc protoporphyrin IX (ZnPP) at 24 hours
after hemin treatment. n = 3/group. Values are presented as the mean * standard deviation. *P < 0.05 vs. the hemin group.
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Supplementary Figure 5. miR-183-5p reduced the viability of BV2 microglia exposed to hemin. The Cell Counting Kit-8 (CCK-8)
assay revealed that administration of agomir-183-5p reduced the optical density values, as determined using a microplate reader. n =
3/group. Values are presented as the mean + standard deviation. *P < 0.05 vs. the hemin group.
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Supplementary Figure 6. Regulatory relationship between miR-183-5p, heme oxygenase-1 (HO-1), and Nrf2. (A) Above:
western blotting revealed that Nrf2 activation promoted HO-1 expression in mice at 3 days after intracerebral hemorrhaging (ICH). n =
8/group. Below: quantitative analysis of HO-1 protein expression in the different groups above. (B) Above: western blotting revealed that
HO-1 promoted Nrf2 activation in mice at 3 days after ICH. n = 8/group. Below: quantitative analysis of relative p-Nrf2 protein expression in
the different groups above. (C) Above: western blotting revealed that miR-183-5p reduced HO-1 expression independent of Nrf2 in mice at
3 days after ICH. n = 8/group. Below: quantitative analysis of HO-1 protein expression in the different groups described above. (D) RT-gPCR
revealed that miR-183-5p expression was increased in the presence of the HO-1 inhibitor zinc protoporphyrin IX (ZnPP) at 3 days after ICH.
n = 8/group. Values are presented as the mean # standard deviation. *P < 0.05 vs. the ICH group. CoPP, cobalt protoporphyrin IX; tBHQ,
tert-butylhydroquinone.
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Supplementary Figure 7. Intraperitoneal injection of ZnPP inhibited the expression of HO-1 in brain tissue of mice 3 days
after intracerebral hemorrhage. n = 8/group. Values are presented as the mean + standard deviation. *P < 0.05. ZnPP, zinc
protoporphyrin IX.
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SUPPLEMENTARY TABLE

Please browse Full Text version to see the data of Supplementary Table 1.

Supplementary Table 1. mRNAs that may be involved in the ICH process and bind with miR-183-5p.
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