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A B S T R A C T

Neuroinflammation significantly contributes to brain injury and neurological deterioration following in-
tracerebral hemorrhage (ICH). MicroRNA-152(miR-152) was reported to be downregulated in ICH patients and
to possess anti-inflammatory properties in other diseases. In this study, we aimed to explore the role of miR-152
in ICH, and the underlying mechanisms, using a collagenase-induced rat ICH model and hemin-exposure as a cell
model. We first confirmed that miR-152 was consistently downregulated in both models. Overexpression of miR-
152 in microglial BV2 cells reduced hemin-induced inflammatory response and reactive oxygen species (ROS)
generation, thus protecting co-cultured neuronal HT22 cells. Moreover, overexpression of miR-152 by in-
tracerebroventricular lentivirus injection in ICH rats significantly alleviated neurodecifits, brain edema, and
hematoma. These changes were associated with a marked reduction in ICH-induced neuronal death, as detected
by co-staining of NeuN and TUNEL, and ICH-induced neuroinflammation, as revealed by inflammatory cytokine
levels as well as by the number of Iba1 positive-stained cells in the perihematomal region. Mechanistically, miR-
152 significantly inhibited ICH-induced TXNIP expression, and its overexpression blocked the interaction be-
tween TXNIP and NOD-like receptor pyrin domain containing 3(NLRP3), thus inhibiting NLRP3-driven in-
flammasome activation to attenuate neuroinflammation in vivo and in vitro. Moreover, the results of si-TXNIP
transfection further confirmed that TXNIP inhibition was involved in the reduction of NLRP3 inflammasome
activation by the overexpression of miR-152. Collectively, the present study demonstrates that miR-152 confers
protection against ICH-induced neuroinflammation and brain injury by inhibiting TXNIP-mediated NLRP3 in-
flammasome activation, indicating a potential strategy for ICH treatment.

1. Introduction

Intracerebral hemorrhage (ICH), associated with high mortality and
disability, is a common and devastating subtype of stroke [1,2], oc-
curring when blood vessels rupture within the brain. However, effective
therapeutic treatments are not available, because of the complex pa-
thogenesis of ICH [3]. The ICH pathogenic processes can be classified
into two major phases, namely primary and secondary brain injury. The
former arises from intraparenchymal hematoma, while the latter results
from the products of red blood cell lysis, leading to cytotoxicity, ex-
cessive oxidative stress, and neuroinflammation in the perihematomal
region [4,5]. Thus, timely and effective targeted therapeutic treatments
should be further explored.

Among the above-mentioned factors contributing to secondary
brain injury, neuroinflammation is considered a key contributor [6,7].
Neuroinflammation, evoked by the hematoma degradation products,
involves microglia activation, systemic immune cell infiltration, pro-
duction of pro-inflammatory cytokines, and ROS generation, and con-
tributes to neuronal death, edema exacerbation, and poor prognosis
[8]. In addition, increasing evidence indicates that treatments targeting
neuroinflammation can alleviate ICH-induced brain injury to some
extent [9–11].

MicroRNAs (miRNAs) are a class of noncoding RNAs that participate
in various pathophysiological processes, and function by down-
regulating gene expression through their binding to the 3‘UTR of the
target mRNAs [12]. Accumulating studies have shown that miRNAs
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play a critical role in regulating neuroinflammation in ICH. Wang et al.
[13] reported that miR-140-5p attenuated neuroinflammation in ICH
by targeting TLR4. In addition, miR-124 was found to confer protection
from brain inflammation by modulating microglia polarization toward
the M2 phenotype [14]. MiR-152 is a tumor suppressor miRNA that has
been widely studied in tumor biology [15–17]. Recently, several re-
searchers have investigated its role in inflammatory modulation. For
example, miR-152 exerted an anti-inflammatory effect in lipopoly-
saccharide (LPS)-stressed macrophages [18], inhibited the in-
flammatory response in a mouse model of spinal cord injury (SCI)[19],
and negatively regulated the innate response and inhibited the cyto-
kines production of dendritic cells induced by TLR3, TLR4 and TLR9
agonists [20]. However, whether miR-152 is involved in the neuroin-
flammation modulation of ICH is still unclear. Moreover, in our pre-
vious miRNA array chip data, miR-152 was downregulated in the serum
of ICH patients [21], but the significance of such downregulation has
not been explored.

This study aims to explore the role of miR-152 in ICH and its un-
derlying molecular basis, using a rat model of ICH and hemin-exposure
in a cell model for in vivo and in vitro studies, respectively.

2. Materials and methods

2.1. Animal preparation

All experimental protocols involving animals were conducted in
accordance with National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines.

Male Wistar rats weighing 250–280 g were obtained from Liaoning
Changsheng Biotechnology Co. Ltd (China). All animals were allowed
free access to food and water and were maintained under controlled
temperature and light/dark cycles. Sodium pentobarbital was used for
animal anesthesia. All experimental procedures were approved by the
Animal Care Committee of China Medical University (2012-38-1).

2.2. Experimental design

To study whether miR-152 is dysregulated in ICH rats, 48 rats were
randomly assigned into four group (twelve rats per group):sham group,
first day post-ICH group, third day post-ICH group, and fifth day post-
ICH group. Six rats in each group were decapitated at the respective
time point to collect brain tissue to measure miR-152 expression, and
serum samples for testing inflammatory cytokines; the remaining six
rats per group were perfused with fixative for histological analysis.

To investigate the effects of miR-152 on ICH, another set of animals
were randomly assigned to four groups (twenty-four rats per group):-
sham group, ICH group, ICH + lentivirus-miRNA negative control (LV-
miR-NC) group, and ICH+ lentivirus-miR-152 (LV-miR-152) group. Six
rats per group were evaluated for neurological function on the first,
third, and fifth day after ICH. The others were killed on the third day
after ICH: Six per group were used for brain water content measure-
ments, six were perfused with fixative for histological analysis, in-
cluding Iba1 staining and TUNEL staining, and the remaining six were
decapitated to collect brain tissue for RT-qPCR and western blotting,
and collecting serum samples for pro-inflammatory cytokines assay.

2.3. Intracerebroventricular lentivirus injection and establishment of a rat
ICH model

The intracerebroventricular injection of lentivirus were conducted
according to the previous study [22]. Briefly, rats were placed on a
stereotaxic frame under anesthesia, a 1 mm cranial burr hole was
drilled and 5ul LV-miR-152 or LV-miR-NC (109 transfection unit/ml),
constructed by GeneChem Company (China), was slowly injected into
the right lateral ventricle by using microsyringe (stereotaxic

coordinates were 1.5 mm posterior, 1.8 mm lateral, and 3.5 mm below
the horizontal plane of bregma). To prevent reflux or backflow, the
microsyringe was slowly withdrawn 5 min after the injection, and the
cranial burr hole was sealed with bone wax.

Two weeks later, the rat ICH model induced by collagenase VII
(Sigma Aldrich, USA) was performed in accordance with the study of
Rosenberg et al. [23]. Briefly, rats were placed on a stereotaxic frame
under anesthesia.2ul collagenase VII (0.25 U/ul) was slowly injected
into the right basal ganglia (stereotaxic coordinates were 1.0 mm pos-
terior, 3.0 mm lateral, and 5.8 mm below the horizontal plane of
bregma). Then, the microsyringe was left in place for an additional
10 min to prevent backflow and the cranial burr hole was sealed with
bone wax. The sham-operated rats received an insertion of micro-
syringe without injection. During all surgical procedures, the heart rate,
blood pressure and body temperature were monitored all the time, and
the rectal temperature was maintained at 37 °C.

2.4. Neurological function assessment and measurement of brain water
content

Neurological function was assessed using corner tests and forelimb
placement tests, as described previously [24]. The wet weight of the
brain was immediately obtained by an electric analytic balance, while
the dry weight was obtained after the brain was dried in an electric
oven at 100 °C for 24 h. Brain water content was assessed as: (wet
weight − dry weight)/(wet weight) × 100%.

2.5. Immunohistochemistry (IHC) analysis

After the brains were fixed by 4% paraformaldehyde for 48 h, they
were dehydrated in graded ethanol and vitrificated by xylene. Tissues
were paraffin-embedded and sectioned at 4 μm thickness.

For immunohistochemistry staining, the slices were first dewaxed
and re-hydrated, then incubated with 3% H2O2 at room temperature
for 10 min, followed by washing with PBS. After washing the slices
three times, antigen retrieval was performed, and the slices were
blocked with 10% non-immune goat serum for 20 min and incubated
with Iba1 antibody (1:200;Abcam) overnight at 4 °C. After washing
with PBS, the slices were incubated with biotinylated goat anti-rabbit
IgG secondary antibody for 20 min, and the Strept Avidin Biotin-per-
oxidase Complex (SABC) reagent was added for 10 min at 37 °C. Finally,
the immunoreactivity was detected using 3,3-diaminobenzidine (DAB),
followed by re-staining with hematoxylin.

2.6. TUNEL staining

TUNEL staining by an in-situ cell death detection kit (Roche,
Germany) was performed as described previously [25]. For co-staining
of NeuN and TUNEL, the sections were first incubated with NeuN an-
tibody (1:200, Abcam), followed by TUNEL reagents according to the
manufacturer's instructions.

2.7. Cell culture and treatment

Microglial BV2 cells were purchased from the Cell Resource Center
of the Peking Union Medical College (China) and cultured in DMEM-HG
with 10% heat-inactivated fetal bovine serum (Gibco, New Zealand.).
Hippocampal neuronal HT22 cells were obtained from the Bena Culture
Collection (China) and cultured in DMEM/F-12 supplemented with
10% fetal bovine serum (Gibco, New Zealand). To simulate ICH con-
ditions in vitro, cells were exposed to hemin (MedChemExpress, China).
To determine the appropriate condition of hemin for the treatment,
cells were incubated with hemin at 20 μM, 40 μM, 60 μM, 80 μM and
100 μM. In the subsequent experiments, treatment with 60 μM hemin
for 24 h was selected as an in vitro model of ICH.
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2.8. Cell transfection

MiR-152 mimics and inhibitors, nonsense sequence for miRNA ne-
gative control (miR-NC), and siRNA against TXNIP (si-TXNIP) were
purchased from Genepharma (China). BV2 cells were transfected with
Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's
protocol. The RNA oligonucleotide sequences are listed in
Supplementary Table 1.

2.9. RNA extraction and reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from tissues and cells using TRIzol™
(Invitrogen, USA), according to the manufacturer’s protocol. RNA was
reverse-transcribed to cDNA using a reverse transcription kit (Takara
Bio, China), and cDNA was amplified using a Lightcycler 96 (Roche,
Germany) with a SYBR Green PCR kit (Takara Bio, China). Primer se-
quences are listed in Supplementary Table 2.

2.10. Cytokine ELISA assay

Cytokines, including rat and mouse IL-1β, TNF-α, IL-6, and IL-18,
were measured by ELISA Array Kits according to the manufacturer’s
protocol. These kits were purchased from R&D Systems (USA) and Bio-
SWAMP (China).

2.11. Co-immunoprecipitation

After treatment, the cells were collected, then lysed on ice for 1 h
and centrifuged at 12,000g and 4 °C for 30 min. Approximately
500–1000 μg of protein was supplemented with 1 μg of the indicated
antibody overnight at 4 °C, with agitation. Protein A beads (Beyotime
Company, China) were added and incubated overnight at 4 °C with
agitation. After washing three times, the immunoprecipitated proteins
were solubilized with the loading buffer, and subsequently assessed by
Western blotting.

2.12. Western blotting

After treatment, brain samples and cells were collected and lysed
with RIPA lysis buffer (Beyotime Company, China). Western blotting
was performed as described previously [25]. The protein samples
(40 μg/sample) were separated by 10% SDS-PAGE gel, and transferred
onto a polyvinylidene difluoride (PVDF) membrane for 2 h. Then, the
membranes were blocked with 5% nonfat milk for 1 h at 37 °C and
incubated with indicated primary antibodies overnight at 4 °C. After
three washes with TBST, the membranes were incubated with HRP-
conjugated secondary antibodies (1:5000; ProteintechGroup) for 1 h at
37 °C. Then, the membranes were washed for another three times, and
bands were visualized by enhanced chemiluminescence (ECL) and
further analyzed by Image J software. The primary antibodies used as
follows: anti-NLRP3, anti-TXNIP (1:500; Cell Signaling Technology),
anti-cleaved caspase-1 (1:1000; ProteintechGroup) and β-actin (1:1000,
Sigma).

2.13. Dual luciferase assay

BV2 cells were seeded (1 × 104 cells/well) in 24-well plates and
cultured overnight, then transfected with wild-type or mutant TXNIP
promoter-luciferase plasmids (0.1 μg pmirGLO-wt-TXNIP or pmirGLO-
mt-TXNIP plasmid per well) using Lipofectamine 3000. The sequences
of the wild-type and mutant TXNIP are listed in Supplementary Table 3.
Meanwhile, the cells were co-transfected with either 0.4 μg miR-152
mimics or miR-NC. Luciferase activity was analyzed 48 h post-trans-
fection using a dual-luciferase assay system (Promega, USA).

2.14. ROS measurement

The intracellular ROS in BV2 cells was detected using the non-
fluorescent dye DCFH-DA (Beyotime, China). Brieftly, after treatment,
the cells were incubated with DCFH-DA for 30 min at 37 °C in the dark.
The fluorescence was measured using a multi-function microplate
reader with 488 nm excitation and 525 nm emission.

2.15. CCK8 and LDH assay

We estimated cell viability using the CCK8 kit (Dojindo, Japan)
following the manufacturer's instructions. Briefly, after treatment,
10 μL of CCK8 reagent was added to each well and the cells were in-
cubated at 37 °C for 2 h. Optical density (OD) values were measured at
450 nm absorbance using a multi-function microplate reader.

Cytotoxicity was estimated using an LDH assay kit (KeyGen, China)
according to the manufacturer's instructions. Briefly, after treatment,
the cell supernatant was collected and transferred to a 96-well plate for
testing LDH release. The OD values were obtained at 450 nm absor-
bance using a multi-function microplate reader.

2.16. Statistical analysis

All data are expressed as mean ± standard deviation (SD).
Comparisons of normally distributed data between two groups were
performed using a two-tailed Student’s t-test. Comparisons among
multiple groups were performed using one-way ANOVA followed by
post hoc Newman-Keuls test. Behavioral data were analyzed using the
Kruskal–Wallis test with Dunn’s test for multiple comparisons.
Coefficients of correlation(r) were analyzed by the Pearson correlation
method. All data were analyzed using SPSS 22.0 (IBM Corp., USA) and
GraphPad Prism 7.0 (GraphPad Software, USA), and p-values < 0.05
were considered statistically significant. To determine the sample size
for each group, we conducted a power analysis using G ∗ Power 3.1.9.2
software with a 5% significance level and obtained a power level> 0.9.

3. Results

3.1. MiR-152 was dysregulated in the ICH animal and cell models

To further confirm the dysregulation of miR-152 in ICH, which had
been previously observed in ICH patients by means of miRNA arrays
[21], we first analyzed the levels of miR-152 in ICH rats using RT-qPCR.
We found that miR-152 was markedly downregulated in ICH rats
(Fig. 1A). Hemin, as the decomposition product of hemoglobin, has
been shown to play a critical role in ICH, and is commonly used for ICH
pathogenesis studies [26]. We thus used hemin treatment on BV2 mi-
croglial cells. In such model, miR-152 dysregulation induced by hemin
was consistent with the results of the animal model, and miR-152 levels
were lowered by hemin in a dose-dependent (20–100 μM, 24 h) manner
and a time-dependent (60 μM, 0–36 h) manner (Fig. 1B). In the sub-
sequent experiments, we chose to perform hemin treatment at 60 μM
for 24 h. Next, we used Iba1 + cell number and serum IL-1β, TNF-α and
IL-6 levels as indicators to monitor the accompanying neuroin-
flammation in ICH rats (Fig. 1C and D). Interestingly, we found that
miR-152 levels in the perihematoma region tissue were correlated with
the changes in inflammatory indicators, including IL-1β, TNF-α, and IL-
6 (Fig. 1E). Collectively, our results showed that miR-152 levels were
downregulated in ICH models, both in vivo and in vitro, which might be
involved in the neuroinflammation following ICH.

3.2. MiR-152 inhibited hemin-induced inflammatory response and ROS
generation in BV2 cells, and protected the co-cultured HT22 neuronal cells
in vitro

To explore the role of miR-152 in hemin-induced inflammation in
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vitro, we transfected BV2 microglial cells with miR-152 mimics, in-
hibitors, or miR-NC (Fig. 2A). Consistent with previous studies, hemin
exposure significantly elevated the secretion of pro-inflammatory cy-
tokines in BV2 cells [25]; however, overexpressing miR-152 by mimics
effectively decreased the levels of pro-inflammatory cytokines, while
miR-152 inhibitors further increased them (Fig. 2B). Oxidative stress
induced by blood cell components is known to contribute to the severity
of ICH [27]. Therefore we next analyzed the generation of ROS in BV2

cells after the different treatments. As shown in Fig. 2C, overexpression
of miR-152 reduced hemin-induced ROS generation and inhibition of
miR-152 led to aggravation.

To detect the neurotoxic potential of the hemin-induced microglia,
the conditioned medium of transfected and hemin-treated BV2 cells was
added to neuronal HT22 cells. HT22 cell viability was measured by the
CCK8 assay. The hemin group showed significantly lower cell viability
as compared with the control group; however, significantly higher cell

Fig. 1. MiR-152 was dysregulated in the ICH animal and cell models. (A) RT-qPCR assays for miR-152 in rat perihematomal tissue on days 1, 3 and 5 after ICH as
compared with sham group (n = 6 each). Each point represents one sample, and the horizontal line indicates the mean value. (B) RT-qPCR assays for miR-152 in BV2
cells under hemin-stimulation as compared with control group (n = 3 each). (C) Immunohistochemistry for Iba1 in rat perihematomal tissue as compared with sham
group. (D) Elisa assays for serum IL-1β, TNF-α and IL-6. (E) Correlations between miR-152 levels and serum inflammatory cytokines using the same samples from ICH
rats and sham-operated rats. **p < 0.01 compared with sham group; ##p < 0.01 compared with BV2 control group.
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Fig. 2. MiR-152 inhibited hemin-induced inflammatory response and ROS generation in BV2 cells, and protected co-cultured HT22 neuronal cells in vitro. (A) RT-
qPCR assays for miR-152 after transfection. (B) ELISA assays for IL-1β, TNF-α and IL-6 in supernatant of BV2 cells. (C) Levels of ROS were measured in BV2 cells. (D)
Viability of HT22 cells in different groups were analyzed using CCK8 assay. (E) Cell death rates of HT22 cells in different groups were tested by LDH detection kit.
**p < 0.01, ***p < 0.001 compared with control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with miR-NC transfection group under hemin
stimulation.
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viability was observed in the miR-152 mimics-transfected group treated
with hemin, as compared with the miR-NC-transfected group (Fig. 2D).
Next, we examined cell death using the LDH assay. Consistently, we
found that miR-152 overexpression significantly alleviated the death of
co-cultured neuronal HT22 cells (Fig. 2E).

3.3. The TXNIP gene was a direct target of miR-152

To further investigate the molecular mechanisms by which miR-152
affects inflammation and oxidative stress induced by hemin, several
online target-prediction tools were used, including miRDB (http://
mirdb.org/), miRanda (http://www.microrna.org/microrna/home.do)
and TargetScan (http://www.targetscan.org/vert_72/), we obtained a
total of six candidate target genes (Fig. 3A). Among them, Txnip was
selected for the subsequent experiments (Fig. 3B). A highly conserved
pairing between the 3‘UTR of Txnip and the seed sequence of miR-152
was observed (Fig. 3C).

To assess the effect of miR-152 on TXNIP, we transfected BV2 cells
with miR-152 mimics and inhibitors, finding that miR-152 mimics
transfection lowered TXNIP protein levels, while miR-152 inhibitors
transfection elevated them (Fig. 3D). Next, we precisely assessed the
ability of miR-152 to inhibit TXNIP using a luciferase reporter assay. As

expected, transfection with miR-152 mimics prevented luciferase ex-
pression from the wild-type, but not the mutant, TXNIP 3‘ UTR luci-
ferase construct (Fig. 3E), further confirming that Txnip is a direct
target gene of miR-152.

3.4. MiR-152 alleviated the activation of NLRP3 inflammasome by
regulating TXNIP

Given that TXNIP promotes NLRP3 inflammasome activation
through its binding to NLRP3 [28], we then investigated the role of
miR-152 on NLRP3 inflammasome in ICH in vitro. First, we analyzed the
protein level of cleaved caspase-1, finding that hemin exposure in-
creased its expression in BV2 cells, which was significantly reduced by
miR-152 mimics (Fig. 4A). The NLRP3 inflammasome effectors, IL-1β
and IL-18, are initially processed as the inactive forms pro-IL-1β and
pro-IL-18, which are cleaved by active caspase-1 to produce the mature
forms [29]. We observed that miR-152 effectively inhibited IL-1β and
IL-18 secretion in BV2 cells under hemin treatment (Fig. 4B). Collec-
tively, these data demonstrated that miR-152 suppressed the activation
of NLRP3 inflammasome in vitro.

Next, we tried to further explore the specific mechanism by which
miR-152 inhibited the activation of NLRP3 inflammasome.

Fig. 3. The Txnip gene was a direct target of miR-152. (A) Predicted target genes of miR-23b using three online prediction tools, including miRDB, miRanda and
TargetScan. (B) Relative mRNA level of potential target genes detected by RT-qPCR assays. (C) Target region between miR-152 and Txnip. (D) Western blotting of
TXNIP in BV2 cells after transfection with miR-152 mimics, inhibitors or miR-NC. (E) TXNIP 3′UTR luciferase activity was assayed after BV2 cells were transfected
with miR-NC or miR-152 mimics. *p < 0.05, **p < 0.01, ***p < 0.001 compared with miR-NC transfection group.
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Interestingly, co-immunoprecipitation analysis indicated that hemin
treatment enhanced the binding of TXNIP to NLRP3, while miR-152
blocked it (Fig. 4C). Moreover, knockdown of TXNIP by siRNA resulted
in a decrease of cleaved caspase-1 level and IL-1β, IL-18 secretion, with
no changes in NLRP3 levels, compared with the si-control transfected
group under hemin treatment (Fig. 4D and E). Taken together, these
results suggest that miR-152 alleviates the activation of NLRP3 in-
flammasome by regulating TXNIP.

3.5. MiR-152 ameliorated neurodeficits, brain injury, and neuronal death
in ICH rats

To validate the effect of miR-152 on ICH rats, we overexpressed
miR-152 in vivo using lentivirus infection (Fig. 5A). As shown in Fig. 5B,
miR-152 markedly alleviated ICH-induced neurodeficits, as revealed by
corner tests and forelimb placement experiments. In accordance with
these behavioral assessments, miR-152 significantly reduced brain

Fig. 4. MiR-152 alleviated the activation of NLRP3 inflammasome by regulating TXNIP. (A) Western blotting for NLRP3, cleaved caspase-1 and TXNIP in BV2 cells of
different groups. (B) ELISA assays for inflammasome effectors IL-1β and IL-18 in supernatant of BV2 cells. (C) Co-immunoprecipitation for NLRP3 and TXNIP in BV2
cells of different groups. (D) Western blotting for NLRP3, cleaved caspase-1 and TXNIP in BV2 cells after transfection with si-TXNIP. (E) ELISA assays for IL-1β and IL-
18 in supernatant of BV2 cells after transfection with si-TXNIP. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group; #p < 0.05, ##p < 0.01,
###p < 0.001 compared with hemin group.
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Fig. 5. MiR-152 ameliorated neurodeficits, brain injury, and neuronal death in ICH rats. (A) RT-qPCR assays for miR-152 in rat perihematomal tissue as compared
with sham group (n = 6 each). Each point represents one sample, and the horizontal line indicates the mean value. (B)Corner tests and forelimb placement tests were
performed for assessing neurodeficits on days 1, 3 and 5 after ICH (n = 6 each). (C) Brain water content was measured on day 3 after ICH (n = 6 each). (D)
Representative brain sections from each group on day 3 after ICH were shown. (E) Apoptotic neuronal cells were detected by co-staining of NeuN and TUNEL.
**p < 0.01 compared with sham group; ##p < 0.01 compared with ICH + LV-miR-NC group.

L. Hu, et al. International Immunopharmacology 80 (2020) 106141

8



Fig. 6. MiR-152 suppressed ICH-induced neuroinflammation and NLRP3 inflammasome activation in vivo. (A) Elisa assays for serum TNF-α, IL-6, IL-1β and IL-18
(n = 6 each). Each point represents one sample, and the horizontal line indicates the mean value. (B) Immunohistochemistry for Iba1 in rat perihematomal region.
(C) Western blotting for NLRP3, cleaved caspase-1 and TXNIP in rat perihematomal tissue. (D) Schematic representation of miR-152 protection on ICH. ICH
decreased the level of miR-152, resulting in brain injury, edema and neuronal death via promotion of TXNIP-mediated NLRP3 inflammasome activation and
aggravation of neuroinflammation. These post-ICH pathological changes were effectively alleviated by overexpressing miR-152 using mimics transfection in vitro or
lentivirus induction in vivo. **p < 0.01 compared with sham group; #p < 0.05, ##p < 0.01 compared with ICH + LV-miR-NC group.
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edema and hematoma size (Fig. 5C and D). In addition, NeuN and
TUNEL co-staining showed that overexpression of miR-152 significantly
decreased ICH-induced neuronal death (Fig. 5E). Collectively, these
results suggest that miR-152 plays a protective role against ICH in vivo.

3.6. MiR-152 suppressed ICH-induced neuroinflammation and NLRP3
inflammasome activation in vivo

Accumulating evidence indicates that neuroinflammation plays a
vital role in the pathogenesis of ICH [30]. To determine the role of miR-
152 on neuroinflammation following ICH, we detected the serum levels
of pro-inflammatory cytokines by ELISA, and found that miR-152 sig-
nificantly reduced the elevated TNF-α and IL-6 levels caused by ICH
(Fig. 6A). Moreover, miR-152 overexpression markedly inhibited the
number of Iba1+ inflammatory cells in the perihematoma area
(Fig. 6B). We further investigated the effect of miR-152 on TXNIP-
NLRP3 inflammasome:Immunoblotting results showed that miR-152
decreased TXNIP and cleaved caspase-1 levels (Fig. 6C). Moreover, the
NLRP3 inflammasome effectors, mainly serum IL-1β and IL-18, were
reduced by miR-152 overexpression (Fig. 6A), further demonstrating
the suppression of inflammasome activation by miR-152. Overall, our
results imply that miR-152 protects against ICH by suppressing neu-
roinflammation through inhibiting TXNIP-mediated NLRP3 inflamma-
some activation (Fig. 6D).

4. Discussion

Increasing evidence has shown that miRNAs exert diverse biological
effects in the brain, and that dysregulation of the levels of specific
miRNAs is involved in the occurrence and progression of brain injury
[31,32]. In the previous miRNA array data, we identified miR-152 as
significantly downregulated in the serum of ICH patients compared
with controls [21]. Since miR-152 has not been explored in ICH before,
we focused on its dysregulation in the pathogenesis of ICH. Consistently
with the miRNA array results, we observed a marked decrease of miR-
152 levels in the collagenase VII-induced ICH rat model, and such de-
crease was further confirmed by the results of hemin-stimulation of BV2
cells in vitro. Moreover, we observed a negative correlation between
miR-152 levels and inflammatory parameters in ICH rats. Collectively,
these results further suggest that dysregulation of miR-152 is involved
in the progression of ICH, an effect which may be specifically related to
ICH-induced inflammation.

Neuroinflammation mainly arises from blood components, such as
hemin, fibrin, and thrombin [33,34]. These stimuli can trigger micro-
glia activation, promote the secretion of pro-inflammatory cytokines
via TLR4/nuclear factor-κB (NF-κB) signaling, and enhance neutrophil
and monocyte infiltration [35–37], which can in turn further aggravate
ICH-induced brain injury. These excessive inflammatory responses are
believed to be modulated by miRNAs. In our study, overexpression of
miR-152 by mimics transfection significantly decreased hemin-induced
pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 in microglial cells in
vitro. Consistently, overexpression of miR-152 in ICH rats by in-
traventricular administration of lentivirus markedly reduced serum IL-
1β, TNF-α, and IL-6 levels, together with the number of Iba1+ in-
flammatory cells. These results are in line with the anti-inflammatory
properties of miR-152 observed in other diseases [18,19]. Oxidative
stress is another major mechanisms contributing to ICH outcomes [38]
and anti-oxidant treatments have been shown to be effective in pro-
tecting against ICH [39,40]. Our results obtained with a DCFH-DA
probe showed that miR-152 significantly reduced hemin-induced ROS
generation in BV2 cells.

Neurons are the basic structural and functional units of the nervous
system, and recent studies revealed that suppression of neuronal
apoptosis may improve the prognosis of ICH [26,41]. In our studies, LV-
miR-152 alleviated ICH-induced neuronal death in the perihematomal
region in vivo. Moreover, overexpression of miR-152 in BV2 cells

protected co-cultured neuronal cells from hemin-induced injury in vitro,
which further confirmed the indirect protective role exerted on neurons
by miR-152. Collectively, our results suggest that miR-152 exerts anti-
inflammatory and anti-oxidant effects in the ICH microenvironment,
thus protecting neurons from injury.

MiRNAs are well known to perform their biological functions by
downregulating target genes. To further understand the mechanisms by
which miR-152 acts on ICH, we identified putative target genes by
using several online-prediction tools, such as TargetScan, miRDB, and
miRanda. TXNIP, a member of the α-arrestin protein superfamily, was
identified as a novel target of miR-152, and such targeting was further
verified by a luciferase reporter assay. Recent studies have shown that
TXNIP is an endogenous inhibitor of the antioxidant thioredoxin and a
ROS sensor. Once ROS levels increase due to external stimuli, TXNIP
time-dependently dissociates from thioredoxin, then links with NLRP3,
leading to NLRP3 inflammasome activation [42,43]. Thus, our data
suggests that downregulation of TXNIP by miR-152 may be related to
the reduction of ROS levels.

It is known that NLRP3 inflammasome is a cytoplasmic protein
complex, playing a critical role in promoting neuroinflammation and
brain injury after ICH [44]. Activation of the NLRP3 inflammasome
pathway consists of two steps: the first signal is the increased tran-
scription of the inflammasome gene components, then the second is the
assembly of NLRP3, ASC, and pro-caspase-1 into an oligomer complex
and the activation of the NLRP3 inflammasome, which is enhanced by
TXNIP. Once the NLRP3 inflammasome is activated, pro-caspase-1 is in
turn activated, and specifically cleaves pro-IL-1β and pro-IL-18 to
produce the respective active forms, which are then released from the
cells and promote the inflammatory response [43,45]. In our studies,
hemin treatment was observed to enhance the interaction of TXNIP and
NLRP3, which was blocked by miR-152. Moreover, miR-152 suppressed
NLRP3 inflammasome activation by targeting TXNIP in ICH both in vivo
and in vitro, as revealed by the decrease in cleaved-caspase-1 expression
and secreted IL-1β and IL-18 levels. The subsequent experiments using
a siRNA against TXNIP further verified these effects. However, in this
study, TXNIP knockdown did not affect the levels of NLRP3. These
results are in line with previous studies showing that the inhibition of
TXNIP attenuated inflammasome activation, by affecting the interac-
tion between TXNIP and NLRP3, rather than by altering the expression
of NLRP3 or ASC [46,47]. Together, our results demonstrate that miR-
152 alleviates neuroinflammation in ICH by inhibiting TXNIP-mediated
NLRP3 inflammasome activation.

More importantly, the protective role of miR-152 on ICH was fur-
ther confirmed by the assessment of neurological function in vivo. Our
findings demonstrated that miR-152 significantly improved neurolo-
gical function in ICH rats, as revealed by corner tests and forelimb
placing tests. Initial post-ICH hematoma enlargement and secondary
perihematoma edema were demonstrated to result in the deterioration
of neurological function and poor prognosis [48,49]. In the present
study, overexpressing miR-152 effectively relieved the symptoms of
hematoma and edema caused by ICH in rats. Collectively, our results
imply that miR-152 exerts protective effects on ICH.

However, a few limitations of the present study should be noted.
First, we used collagenase VII-induced ICH in vivo, a widely used animal
model of ICH [23,50] which, however, cannot completely mimic the
pathophysiological process occurring in ICH patients. Second, we used
the BV2 microglial cell line and the HT22 neuronal cell line for the
study of microglia-neuron interaction after ICH. These cell lines have
been previously investigated by other researchers to study ICH in vitro
[30,51] but the study of such derived cell lines cannot entirely replace
the investigation of primary cells. In addition, our results showed that
the overexpression of miR-152 in BV2 cells exerted an indirect pro-
tective effect on co-cultured neurons by targeting TXNIP-mediated
NLRP3 inflammasome, but whether miR-152 also has a direct protec-
tive effects is unclear, and whether pyroptosis, a form of caspase 1-
dependent cell death [29,52], is involved in the modulation of miR-152
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is still unknown. Hence, such hypotheses should be further explored.
In conclusion, the present study demonstrates that miR-152 in-

hibited TXNIP-mediated NLRP3 inflammasome activation to alleviate
neuroinflammation and brain injury in ICH. The results provide new
insight for the development of ICH therapies, by indicating miR-152 as
a potential therapeutic target.
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