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Detrimental Role of miRNA-144-3p in
Intracerebral Hemorrhage Induced
Secondary Brain Injury is Mediated
by Formyl Peptide Receptor 2
Downregulation Both In Vivo and In Vitro

Weijian Fan1,2, Xiang Li1, Dongping Zhang1, Haiying Li1,
Haitao Shen1, Yizhi Liu1, and Gang Chen1

Abstract
Although microRNA-144-3p (miRNA-144-3p) has been shown to suppress tumor proliferation and invasion, its function in
intracerebral hemorrhage (ICH)-induced secondary brain injury (SBI) remains unclear. Thus, this study was designed to
investigate the role of miRNA-144-3p in ICH. To accomplish this, we used adult male Sprague-Dawley rats to establish an in
vivo ICH model by injecting autologous blood, while cultured primary rat cortical neurons were exposed to oxyhemoglobin
(OxyHb) to mimic ICH in vitro. To examine the role of miRNA-144-3p in ICH-induced SBI, we used an miRNA-144-3p mimic
and inhibitor both in vivo and in vitro. Following ICH induction, we found miRNA-144-3p expression to increase. Additionally,
we predicted the formyl peptide receptor 2 (FPR2) to be a potential miRNA-144-3p target, which we validated experi-
mentally, with FPR2 expression downregulated when miRNA-144-3p was upregulated. Furthermore, elevated miRNA-144-3p
levels aggravated brain edema and neurobehavioral disorders and induced neuronal apoptosis via the downregulation of FPR2
both in vivo and in vitro. We suspected that these beneficial effects provided by FPR2 were associated with the PI3K/AKT
pathway. We validated this finding by overexpressing FPR2 while inhibiting PI3K/AKT in vitro and in vivo. In conclusion, miRNA-
144-3p aggravated ICH-induced SBI by targeting and downregulating FPR2, thereby contributing to neurological dysfunction
and neural apoptosis via PI3K/AKT pathway activation. These findings suggest that inhibiting miRNA-144-3p may offer an
effective approach to attenuating brain damage incurred after ICH and a potential therapy to improve ICH-induced SBI.
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Introduction

Cerebral hemorrhage, which accounts for approximately

50% of mortalities and morbidities, has different subtypes,

including intracerebral hemorrhage (ICH), which are trig-

gered by small vessel ruptures deep within the brain par-

enchyma1. Furthermore, of the patients who survive, 75%
suffer from varying degrees of damage to motor, sensory,

mind-set, and other irreplaceable brain functions. Even when

combining complex remedies, secondary brain injury (SBI)

can occur following ICH and disappointing prognoses are

inevitable2,3. For many decades, medical research has been

devoted to uncovering an effective and direct remedy to

attenuate SBI and improve the neurological outcomes fol-

lowing ICH4–6. Until now, however, no clinical treatment

has been found to offer any significant long-term

improvements when facing ICH-induced SBI and its associ-

ated pathologies, such as edema, inflammation, neurological

dysfunction, neuron degeneration, and even hernia7,8.
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Brain tissues can respond to ICH via extremely intricate

mechanisms, sometimes involving microRNAs (miRNAs).

These miRNAs are evolutionarily conserved, endogenous,

noncoding RNAs that regulate both transcriptional and

posttranscriptional gene expression by binding mRNA tran-

scripts or by binding to the 30-untranslated region (30-UTR)

of a target to ultimately prevent protein synthesis9. More-

over, miRNAs have been identified in a large variety of cell

types and found to participate in a multitude of physiological

processes, including cell proliferation, cell migration and

invasion, disease prognosis, biological secretin production,

stroke, tumorigenesis, and cancer pathology10,11.

Of specific interest is miRNA-144-3p, which belongs to

the miR-144/451 cluster and miR-144 family. Recent studies

have shown that miRNA-144-3p is a critical factor in tumor-

igenicity, with the ability to induce or suppress tumor growth

by acting as an oncogene or inhibitor; these behaviors typi-

cally are seen in hepatocellular carcinoma, lung cancer, thyr-

oid cancer, or renal cell carcinomas8,12–14. Furthermore,

miRNA-144-3p has been reported recently to have several

targets. For instance, in hepatocellular carcinomas, miRNA-

144-3p targets SGK3 and suppresses tumor growth and

angiogenesis; in gastric cancer, it targets PBX3 and inhibits

progression; and in multiple myeloma, it targets c-Met and

restrains cell proliferation15,16. Moreover, in non-small-cell

lung cancer (NSCLC), miRNA-144-3p has been shown to

inhibit tumor growth and induce apoptosis by directly mod-

ulating ZFX expression17. Additionally, in prostate cancer

cells, miRNA-144-3p suppression via cisplatin-induced vas-

cular endothelial growth factor induces autophagic cell sur-

vival because of an upregulation of beclin-118. Furthermore,

miRNA-144 has been reported to induce microglial autop-

hagy and inflammation following ICH, with downregulation

of miRNA-144 improving neurological functions19. More-

over, studies have suggested that miRNA-144-3p suppres-

sion can attenuate oxygen–glucose deprivation/

reoxygenation-induced neuronal injury by promoting Brg1/

Nrf2/ARE signaling20. Therefore, we surmised that miRNA-

144-3p may play a similar role during ICH induction. Recent

findings have shown that miRNAs are widely associated

with cerebral physiological and pathological processes, and

that in neurons, miRNAs are cleared by the Drosha ribonu-

clease III enzyme and transported to the cytoplasm where

mature miRNAs are generated by Dicer ribonuclease21.

One protein that has been associated with hemorrhage is

formyl peptide receptor type 2 (FPR2), which was found to

be an miRNA-144-3p target herein22. FPR2, also known as

ALX (lipoxin A4 receptor), is considered to be a special G-

protein-coupled receptor that has the ability to transduce

physiological and pathological information produced by pro-

teins, peptides, and lipid ligands23. Furthermore, FPR2 is

believed to play a critical role in anti-inflammatory and

pro-resolution processes, especially by promoting macro-

phage clearance and inhibiting metalloproteinase activa-

tion23,24. Moreover, in endothelial cells and myeloid

lineages, FPR2 has been shown to modulate neutrophil

apoptosis and macrophage efferocytosis through ligand-

affinity binding25. FPR family members have been charac-

terized in a large variety of experimental animal models,

including stroke, subarachnoid hemorrhage (SAH), trauma,

and anticancer processes22,26–28. Moreover, FPR2 has been

shown to play a double-sided role in stroke and SAH via a

traditional PI3K/AKT signal transduction pathway29,30.

However, the activation of FPR2 in neurons and the similar

or opposite functions it may perform in ICH, as well as in

SBI or other cerebral pathologies, remains elusive. This

study focused on the effect of miRNA-144-3p during ICH

induction and its potential mechanisms and also determined

whether miRNA-144-3p could target FPR2 and suppress its

function as a means of neural protection.

Materials and Methods

Experimental Animals

All animal experimentation was approved by the Institu-

tional Animal Care Committee of Soochow University (Suz-

hou, Jiangsu, China) and was compliant with the Animal

Research: Reporting In Vivo Experiments (ARRIVE) guide-

lines. Nearly 200 adult male Sprague-Dawley (SD) rats

weighing 250–300 g were purchased from the Shanghai

Experimental Animal Center (Shanghai, China). All rats

were housed in a quiet environment at a constant tempera-

ture and humidity and with a 12 h light/dark cycle. Food and

water were freely available.

Establishing an ICH Model

Adult male SD rats were anesthetized with 4% chloral

hydrate via intraperitoneal injection at a dosage of 1 ml per

100 g. After completing anesthesia, the rats were fastened

in a stereotactic apparatus frame (Shanghai Ruanlong Sci-

ence and Technology Development Co., Ltd., Shanghai,

China). The injection site was precisely positioned above

the basal ganglia, with access gained using a bone drill

positioned about 3 mm lateral to the bregma. Next, 100

ml of autologous blood was collected from the heart using

a 100 ml microinjector (Hamilton Company, Reno, NV,

USA) and injected through the burr hole into the corpus

striatum using a microsyringe. The overall injection proce-

dure lasted 5 min and the depth of puncture was approxi-

mately 5.5 mm. A sham control group was generated by

performing the same procedure, but by replacing the auto-

logous blood with an equal volume of physiological saline

solution. Bone wax was then utilized to prevent cerebrosp-

inal fluid (CSF) and blood leakage. Representative ICH

brain samples are shown in Fig. 1A.

Primary Neuron Cultures and an In Vitro ICH Model

First, we extracted 17-day-old rat embryos and removed

their brains. Blood vessels and meninges were removed at

4�C under a microscope, and then the brain samples were
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trypsin digested for 5 min and centrifuged (500� g, 5 min).

We cultured the obtained cortical neurons in six-well plates

with neurobasal medium (GIBCO; Carlsbad, CA, USA) in

an incubator at 37�C and 5% CO2. Half of the medium was

refreshed every 2 d and the neuron morphology and activity

was microscopically observed. To simulate ICH in the brain,

we exposed the fostered neurons to 10 mM oxyhemoglobin

(OxyHb; Ruibio, O7109).

Experimental Grouping

Part I: time-course analysis of miRNA-144-3p expression and
FPR2 protein expression after ICH in vivo and their connection.
We used a luciferase reporter analysis to examine the rela-

tionship between miRNA-144-3p and FPR2 protein expres-

sion in the 293 T cell line. In in vivo experiments, we

randomly divided 66 rats (we used 70 rats, but only 66 rats

Fig. 1. Establishments of an ICH model and experimental flow map. (A) Representative images of brain cortical tissues with a hematoma
after infusion with autologous blood or with saline for the sham group. (B) Luciferase report between formyl peptide receptor 2 (FPR2) and
miRNA-144-3p in 293 T cells. Time-courses examining miRNA-144-3p and FPR2 expression in brain perihematoma regions. (C and D) The
role of miRNA-144-3p in regulating FPR2 after ICH-induced secondary brain injury (SBI) and its potential mechanisms.
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survived after ICH model establishment) into 11 groups (6

rats per group), a normal group, a sham group, and 9 experi-

mental groups harvested at 3 h, 6 h, 12 h, 24 h, 36 h, 48 h, 72

h, 96 h, and 1 w post-ICH induction. For each group, we

extracted brain cortexes (n ¼ 6) for real-time polymerase

chain reaction (PCR), Western blot analysis, and double

immunofluorescence analysis (Fig. 1B).

Part II: role of miRNA-144-3p in ICH-induced SBI and its
underlying mechanisms in vivo. We randomly divided the rats

into 8 groups (n ¼ 24 per group): a sham group, ICH group,

ICHþmiRNA-144-3p mimic group (negative control), ICH

þ miRNA-144-3p mimic group, ICH þ miRNA-144-3p

inhibitor group (negative control), ICH þ miRNA-144-3p

inhibitor group, ICH þ control siRNA group, and ICH þ
FPR2 siRNA group. At 24 h post-ICH induction, we

extracted brain tissues as described earlier and analyzed the

tissue via Western blot, real-time PCR, terminal deoxynu-

cleotidyl transferase-mediated dUTP nick-end labeling

(TUNEL), and Fluoro-Jade B (FJB) staining. In addition,

we subjected 6 rats per group to a brain edema evaluation,

and examined 12 rats per group for behavioral impairment at

1 w post-ICH induction (Fig. 1C). We also extracted and

examined CSF using an enzyme-linked immunosorbent

assay (ELISA). Furthermore, we obtained the tissue samples

utilized for Western blot analysis 1 mm away from the hema-

toma to avoid potential red blood cell contamination.

Part III: time-course analysis of FPR2 protein expression in vitro,
miRNA-144-3p functions during ICH-induced SBI and latent
signal transduction pathways in vitro. We divided the obtained

primary neurons into a control group and 5 experimental

groups (Fig. 1D), with samples obtained at 3 h, 6 h, 12 h,

24 h, and 36 for Western blot analysis. The cultured neuron

groups included a control group, OxyHb group, OxyHb þ
miRNA-144-3p mimic group (negative control), OxyHb þ
miRNA-144-3p mimic group, OxyHb þ miRNA-144-3p

inhibitor group (negative control), and OxyHb þ miRNA-

144-3p inhibitor group. At 12 h post-OxyHb treatment, we

collected the neurons for Western blot analysis.

Antibodies

Antibodies obtained from Abcam (Cambridge, MA, USA)

included anti-PI3 K (ab191606), anti-p-PI3 K (ab162651),

anti-AKT (ab179463), anti-p-AKT (ab131443), and anti-

NeuN antibody-neuronal cell marker (ab104224; FOX3).

Antibodies purchased from Cell Signaling Technology

(Danvers, MA, USA) included anti-caspase-3 (9661), and

those purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA) included b-tubulin (sc-9140) and b-actin

(sc-8227) and secondary goat anti-rabbit IgG-HRP (sc-

2004) and goat anti-mouse IgG-HRP (sc-2005) antibodies

used for Western blotting. Antibodies from Invitrogen

(Carlsbad, CA, USA) included secondary Alexa Fluor-

488 donkey anti-rabbit IgG (A21206), Alexa Fluor-555

donkey anti-mouse IgG (A31570), and Alexa Fluor-555

donkey anti-rabbit IgG (A31572) antibodies used for

immunofluorescence.

Western Blot

We collected the unilateral cortex of the brain from rats at 24

h post-ICH induction as previously described26. Briefly, for

each group, we loaded 50 mg of protein sample per lane.

After electrophoresis, we transferred the proteins to polyvi-

nylidene difluoride membranes, which were then blocked

with 5% nonfat milk for 2 h at 37�C. The membranes were

then incubated with primary antibodies, followed by incu-

bating with horseradish peroxidase-labeled secondary anti-

bodies and imaged. We analyzed the obtained images using

the Image J program.

Real-Time PCR

To precisely quantify miRNA-144-3p expression, we per-

formed real-time PCR. We extracted RNA from the brain

tissues using TRIzol reagent (Invitrogen Life Technologies,

Carlsbad, CA, USA) according to the manufacturer’s

instructions. Real-time PCR was performed using a Rever-

Tra Ace® qPCR RT kit (FSQ 101; Toyobo, Osaka, Japan)

and then the miRNA was reverse transcribed using a First

Strand cDNA Synthesis kit. Real-time PCR reactions were

visualized using SYBR® qPCR Mix (QPS 201, Toyobo) as

previously described15. Samples were normalized to sham

group and glyceraldehyde 3-phosphate dehydrogenase

expression levels and the miRNA-144-3p primers included

miRNA-144-3p forward (50-GGCGTACAGTATAGAT-

GAT-30) and reverse (50-GAGCAGGCTGGAGAA-30) pri-

mers. We calculated the fold changes using the comparative

computed tomography (CT) method (2DDCt), with all

reagents, apparatuses, and procedural protocols being the

same as those described previously31.

Examining the Function of miRNA-144-3p Using an
miRNA Mimic and siRNA

To evaluate the function of miRNA-144-3p, its mimics and

an inhibitor were purchased from RiboBio Co., Ltd.

(Guangzhou, China). Also, to knock down the membrane

protein FPR2, silencing RNA (siRNA) was obtained

(RiboBio Co., Ltd.). Following transfection in vitro, we

determined the knockdown efficiencies of these siRNAs

using Western blotting. The FPR2 siRNA target sequences

included (1) CCAGTGATACAGGCACAAA, (2)

GAAGTGCTGGACGTAGCAA, and (3) ACGGAATTCT-

TAAGATGTG, and we used only those sequence with the

highest efficacy.
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Luciferase Reporter Analysis

To determine if a connection exists between miRNA-144-3p

and FPR2 and if they combine at the 30-UTR, we used Tar-

getScan (www.targetscan.com) and MicroRNA (www.micro

rna.org). After completing the prediction, we performed a

dual luciferase reporter assay. We synthesized a Has-FPR2-

30-UTR-mutant using PCR site-directed mutagenesis, with

the ATACTGT sequence (647–653) within the 30-UTR of

the target gene replaced with TATGACA. The wild type and

mutant type were then cloned into a site downstream of the

luciferase reporter gene within the pMIR-Report vector (Pro-

mega, Madison, WI, USA). We cultured HEK293 T cells in

96-well plates in 100 ml per well and incubated the cells at

37�C for 24 h. Each well was then transfected with a com-

bination of miRNA-144-3p mimics, non-target control,

reporter plasmid, or mutant plasmid and Lipofectamine

3000 (Invitrogen, Carlsbad, CA, USA). Afterward, firefly

and renilla luciferase activities were measured using a

Dual-Glo® Luciferase Assay System (Promega), with hRluc

used as the fluorescence reporter and hluc used as an internal

reference. Relative Rluc/luc ratios were determined and

visualized in bar graphs using GraphPad Prism32.

Immunofluorescence Analysis

We collected rat brain tissues and immersed the samples in

4% paraformaldehyde and embedded in paraffin. Each

sample was sliced into 10 sections, fixed onto a glass slide,

and stored under lucifugal and desiccative conditions

before staining. Normal rabbit immunoglobulin G (IgG)

and normal mouse IgG were used as negative controls and

were introduced in addition to the immunofluorescent anti-

bodies. We observed the images and recorded them using a

fluorescent microscope (Olympus BX50/BX-FLA/DP70;

Olympus Co., Japan) and analyzed the relative intensities

using Image J software (National Institutes of Health,

Bethesda, MD, USA).

TUNEL and FJB Staining

To examine neural apoptosis and degeneration within the

samples, we performed TUNEL and FJB staining as previ-

ously described33. Briefly, we obtained the samples as

described and sliced the paraffin-embedded brain samples

sliced into 4 mm sections. For TUNEL staining, we used

an In Situ Cell Death Detection kit (Roche, 11684795910)

according to the manufacturer’s protocols. For FJB staining,

all of the reagents, such as NaOH, KMnO4, ethyl alcohol,

acetic acid, and phosphate buffered saline (PBS), were pur-

chased from Hushi reagents (Shanghai Hushi laboratorial

Equipment Co., Ltd, Shanghai, China). To optimize pigmen-

tation and coloration when using the FJB solution, we incu-

bated samples in the dark for at least 20 min. We observed

both TUNEL and FJB stained sections under a fluorescence

microscope (Olympus BX50/BX-FLA/DP70; Olympus Co.)

and analyzed the sections using Image J software.

Brain Edema

We used a core estimation method to determine the volume

of water content in the brain as previously described34.

Briefly, rats were anesthetized and beheaded without cardi-

ovascular lavage. We divided the brains into five regions: the

contralateral substantia medullaris, contralateral cortex, ipsi-

lateral substantia medullaris, ipsilateral cortex, and cerebel-

lum. We determined and recorded wet weights after

removal. The tissues were then incubated in a microwave

oven at 105�C for at least 24 h to allow for desiccation, and

then we obtained a dry weight. The formula for determining

the percentage of water content was as follows: [(wet weight

– dry weight)/wet weight] � 100%.

ELISA

We evaluated the quantitative volume of Lipoxin A4

(LXA4) using ELISA as described previously22. Artery

blood was extracted and centrifuged for 10 min and serum

was collected for further analysis. LXA4 conjugated horse-

radish peroxidase (HRP) was added and allowed to incubate

at 37�C for 30 min. TMB substrate solution was then added

to each well and allowed to incubate in the dark for 15–20

mins. Next, we used a stop buffer to terminate the reaction

and measured the absorbance spectrophotometrically at 450

nm using an iMark microplate reader (Bio-Rad, Hercules,

CA, USA). Finally, we analyzed the obtained data using

GraphPad Prism software.

Neurological Improvements

We included at least 6 rats from each group in the neurolo-

gical evaluation. The time range for observation was 14 days

and we conducted the procedures as previously

described35,36. Three aspects were examined, including

activity, appetite, and deficits, to obtain a comprehensive

assessment of the neurological deficits that were acquired

after ICH. The score range was from 0 to 2, with 2 being the

worst, and 0 representing sanity, respectively. The total min-

imum score was 0 and maximum was 6.

MiRNA and siRNA Transfections in Rats and Neurons

We performed transfection of the miRNA-144-3p mimic and

inhibitor and the FPR2 siRNA using Entranster-in vivo RNA

transfection reagent (18668-11-1; Engreen, Beijing, China),

with dilutions prepared in DEPC RNase-free water. At 48 h

prior to the establishment of an ICH model, we injected the

solution intracerebroventricularly using the procedures

described by Senn et al37.

For in vitro experiments, we performed transfections

using Lipofectamine® 3000 Transfection Reagent (L3000-

015; Invitrogen, Carlsbad, CA, USA) according to the
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manufacturer’s instructions. At 48 h post-transfection, we

mixed the cultivated neurons with OxyHb for a certain num-

ber of hours before cell harvesting.

Flow Cytometry

We combined the cultured neurons, which were divided

into different experimental groups, with 0.25% trypsin

(without EDTA) and centrifuged at 300� g for at least 5

min. We then removed the supernatants and resuspended

the remaining pellets in 500 ml of binding buffer. Next,

we mixed the samples with 3 ml annexin V and 2.5 ml PI

(Beyotime, China) to add pigmentation and incubated the

samples for 20 min in the dark at 37�C. We analyzed each

tube by flow cytometry (FACS Calibur, BD Biosciences,

USA) and recorded more than 20,000 events per sample.

The obtained images were recorded and analyzed as previ-

ously described38.

Statistical Analysis

We expressed all data as a mean + SEM. We analyzed

statistical variations using a Student’s t test and to do com-

parisons between two groups. When comparing more than

two groups, we utilized a one-way analysis of variance

(ANOVA). We presented neurobehavioral scoring as a med-

ian with an interquartile range. Findings were considered

statistically significant if P < 0.05 was obtained and all

experimental data were analyzed using GraphPad Prism

7.00.

We performed post-hoc power analysis using PRISM

with a t test comparison of the means. A two-sample t test

was performed with a mean difference between the sham and

ICH groups (n ¼ 6 per group) determined, with an estimated

standard deviation, a¼ 0.05, and power > 0.75. We assigned

6 rats to each group because this number was closest to the

prediction.

Results

MiRNA-144-3p Levels Were elevated After ICH
Induction

The levels of miRNA-144-3p in the perihematomal region of

the brain after ICH induction were quantified using real-time

PCR. The results illustrated that the relative miRNA-144-3p

levels were significantly upregulated by 12 h post-ICH

induction, with levels peaking at 24 h and then slowly

decreasing from there onward (Fig. 2A).

FPR2 Predicted as an miRNA-144-3p Target

To identify if FPR2 is a potential miRNA-144-3p target, we

used the TargetScan software and identified two poorly con-

served miRNA-144-3p binding sites located in the 30-UTR

of FPR2 at positions 647–653 and 1520–1526. To explore

whether miRNA-144-3p can strongly associate with FPR2,

we cloned both a 30-UTR wild type and mutant into a luci-

ferase reporter vector. The results showed that miRNA-144-

3p significantly reduces the luciferase activity when binding

with the wild type 30-UTR, but no obvious effect was noted

in the presence of the mutant (Fig. 2B).

FPR2 Expression was Downregulated by miRNA-144-
3p after ICH Induction

To further determine brain FPR2 protein levels around a

hematoma, we classified all of the samples by time shaft and

analyzed the samples by Western blotting. The results

showed that the FPR2 protein levels reduced gradually, start-

ing at 3 h post-ICH induction, with the lowest levels reached

at 24 h. Thus, a corresponding trend would be expected in

the miRNA-144-3p expression (Fig. 2C). Moreover, we fur-

ther evaluated FPR2 levels by immunofluorescence staining

with neuronal nuclei, a specific neuron marker, and the

images revealed that neuron FPR2 levels were reduced at

24 h post-ICH induction when compared with the sham

group (Fig. 2D).

MiRNA-144-3p Aggravates Neuron Degeneration and
Apoptosis and Deteriorates Neurological Outcomes

To further examine the association between miRNA-144-3p

and FPR2, we infused a miRNA-144-3p mimic and inhibitor

cerebroventricularly and determined miRNA levels using

real-time PCR. The miRNA-144-3p levels increased mark-

edly in the mimic group, while showing a partial decrease in

the inhibitor group (Fig. 3A). It is well known that LXA4 is a

common lipoxin with a strong affinity for the FPR2 receptor,

and thus it was also examined. Within the CSF, the LXA4

levels were affected by the mimic and inhibitor before ICH

and at 24 h post-ICH induction as determined by ELISA. The

results showed that LXA4 levels decreased markedly after

ICH, with an even further decrease seen in the presence of

the mimic or siRNA group, but with a bit of an increase seen

in the presence of the inhibitor (Fig. 3B). Additionally, we

detected brain FPR2 expression at 24 h post-ICH induction

by Western blotting, which showed that the injection of the

miRNA-144-3p mimic decreased FRP2, whereas the inhibi-

tor and siRNA increased FPR2 expression (Fig. 3C). These

results suggest that FPR2 is an miRNA-144-3p target.

After administering the miRNA-144-3p mimic and inhi-

bitor and the FPR2 siRNA, we measured brain water content

at 24 h post-ICH induction, and determined neurological

scores at 1 w post-ICH induction. Both the miRNA-144-3p

mimic and the FPR2 siRNA were found to increase the brain

water percentage and minimize the neurological scores,

whereas the inhibitor attenuated cerebral edema and

improved the neurological scores (Figs. 3D and 3E).

To more deeply explore the function of miRNA-144-3p in

an ICH model, we performed FJB staining to detect the

degree of neuronal degeneration. In the presence of the

miRNA-144-3p mimic, the density of FJB-positive cells was
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shown to increase, whereas the miRNA-144-3P inhibitor

alleviated the ICH-induced damage when compared with the

ICH control group (Figs. 4A and 4B). Furthermore, we per-

formed double immunofluorescent staining using TUNEL

and NeuN. The images showed that the sham group had only

a small number of TUNEL-positive neurons, whereas the

ICH group showed an increase in the number of apoptotic

neurons (Figs. 4C and 4D). Moreover, the proportion of

apoptotic cells was significantly higher in the presence of

the miRNA-144-3p mimic and substantially lower with the

inhibitor (Figs. 4C and 4D).

Neuronal Protective Effect of FPR2 is Induced by the
PI3K/AKT Pathway and is Reversed by miRNA-144-3p
upregulation In Vivo

Various studies have reported that FPR2 can have a rescue

effect in various situations, with some studies suggesting that

Fig. 2. MiRNA-144-3p and FPR2 expression after ICH. Adult male Sprague-Dawley (SD) rats were induced with ICH and brain samples
were collected at various time points. (A) Real-time PCR analysis of miRNA-144-3p expression in perihematoma regions and the associated
capacity curve. (B) Luciferase reporter analysis examining miRNA-144-3p and an FPR2 with a mutant or wild type 30-UTR. (C) Western blot
analysis and quantification of FPR2 levels in brain tissue collected in proximity to the hematoma at various time points. (D) Immunofluor-
escent staining of brain sections from the sham and ICH groups, with anti-FPR2 antibody (green), anti-NeuN antibody (red), and DAPI (blue)
staining. Representative sham and ICH images at 24 h. All mean values for the sham group were normalized to 1.0 and all data are shown as a
mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham group; #P < 0.05, ##P < 0.01, and @ P < 0.05 as indicated in the figure; n ¼ 6.
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Fig. 3. MiRNA-144-3p downregulated FPR2 expression and induced neurological deficits and brain edema. Rats were randomly divided into
8 groups (n ¼ 24 per group): sham group, ICH group, ICH þ miRNA-144-3p mimic group (negative control), ICH þ miRNA-144-3p mimic
group, ICH þ miRNA-144-3p inhibitor group (negative control), ICH þ miRNA-144-3p inhibitor group, ICH þ control siRNA group, and
ICH þ FPR2 siRNA group. All vectors, siRNA or miRNAs, were transfected 48 h before ICH induction and then brain samples were
collected. (A) Real-time quantification of miRNA-144-3p expression after utilizing an miRNA-144-3p mimic or inhibitor. (B) LXA4 quanti-
fication in CSF within these groups as determined by ELISA. (C) Western blot analysis of brain FPR2 levels following miRNA-144-3p mimic
or inhibitor transfection, after ICH induction, when compared with the control group. (D and E) The impact of miRNA-144-3p on
neurological dysfunction at 1 w post-ICH induction and the brain water content, which was estimated based on five sections per sample.
Sham mean values were normalized to 1.0 and all data are displayed as a mean + SEM (n¼ 6). *P < 0.05 and **P < 0.01 vs. sham group; #P <
0.05, ##P < 0.01, @P < 0.05, @@P < 0.01, $P < 0.05, and $$P < 0.01 vs. their corresponding negative control group, as indicated in the figure.
(D) The neurological deficiencies were evaluated based on the criteria of Garcia assessments, n ¼ 12. The data are shown as a median with
an interquartile range, n¼ 12. *P < 0.05 and **P < 0.01 vs. the sham group; #P < 0.05, ##P < 0.01, @P < 0.05, @@P < 0.01, $P < 0.05, $$P < 0.01
vs. their corresponding negative control group.
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Fig. 4. MiRNA-144-3p induced neuronal death and degradation after ICH. (A) Fluoro-Jade B (FJB) staining of paraffin sections, with arrows
indicating FJB-positive cells. (B) The quantification of FJB-positive cells per mm2. (C) TUNEL staining (green), with neurons strained with
NeuN (red). Arrows indicate apoptotic neurons that are NeuN/TUNEL-positive cells. (D) Quantification of TUNEL-positive neuronal cells.
In (B) and (D) data are shown as a mean + SEM, n ¼ 6. *P < 0.05 and **P < 0.01 vs. sham group; ##P < 0.01, @P < 0.05, $$P < 0.01 vs. their
corresponding negative control group.

Fan et al 731



the protective effect is associated with the PI3K/AKT signal

transduction pathway22. To examine the role of this pathway

in ICH, we measured p-PI3 K and p-AKT levels in each of

the groups after ICH induction. The results showed that in

the presence of the miRNA-144-3p mimic, both p-PI3 K and

p-AKT were inhibited; however, in the presence of the inhi-

bitor, p-PI3 K and p-AKT were partially elevated relative to

the negative control. We did not find prominent changes in

total PI3 K or AKT levels in these groups (Figs. 5A and 5B).

Elevated miRNA-144-3p Induces Neuronal Apoptosis
by Inhibiting the PI3K/AKT Pathway After OxyHb
Treatment In Vitro

To further characterize the interactions between miRNA-

144-3p and FPR2, we repeated a similar procedure in vitro.

First, we exposed neurons to miRNA-144-3p mimics or inhi-

bitor or FPR2 siRNA before adding OxyHb in vitro. We then

collected the cells for Western blot analysis and examined

FPR2 protein levels. The results showed that FPR2 expres-

sion decreased after OxyHb treatment when compared with

the control group (Fig. 6A), with the lowest point reached

much earlier than in the in vivo experiment, possibly because

of the different environmental conditions. Furthermore, the

addition of the miRNA-144-3p mimic only further reduced

the FPR2 levels, whereas the miRNA-144-3p inhibitor pro-

moted FPR2 expression (Fig. 6B). To further characterize

the impact of OxyHb, flow cytometry was performed to

detect neuronal cell apoptosis. Following OxyHb treatment,

early-stage apoptotic cell numbers were increased, which

was alleviated following miRNA-144-3p inhibitor treat-

ment. Treatment with the miRNA-144-3p mimics, however,

increased the number of apoptotic neurons (Fig. 6C).

Fig. 5. The effects of miRNA-144-3p and FPR2 on the PI3K/AKT signal pathway in vivo. (A and B) Western blot analysis of PI3 K, p-PI3 K,
AKT, and p-AKT in brain tissue collected in proximity to the hematoma after being transfected with miRNA-144-3p and FPR2 siRNA. Data
are shown as mean + SEM, n ¼ 6. **P < 0.01 vs. sham group, ##P < 0.01, @P < 0.05, and $P < 0.05.
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To further determine the potential impact of miRNA-144-

3p on PI3K/AKT signaling following ICH induction, we

performed Western blot analysis, which showed similar

results to those obtained from the in vivo experiment

(Figs. 7A and 7B). Previous studies have shown that

caspase-3, a downstream factor in the PI3K/AKT pathway,

Fig. 6. The effect of miRNA-144-3p on OxyHb-induced ICH in neurons. Primary neurons were cultured and stimulated with 10 mM OxyHb.
(A) Western blot analysis examining FPR2 expression levels in neurons treated by OxyHb at the indicated time points. Data are shown as
mean + SEM, n¼ 3. *P < 0.05 and **P < 0.01 vs. control group; #P < 0.05 and @P < 0.05 vs. 12 h. (B) Neurons were transfected with siRNA
or plasmid and then stimulated with 10 mM OxyHb for 12 h. The control group was normalized to 1.0 and b-tubulin was used as a loading
control. The data are displayed as a mean + SEM (n ¼ 3). **P < 0.01 vs. control group; ##P < 0.01, control group vs. miRNA-144-3p mimic
group; and @P < 0.05, control group vs. miRNA-144-3p inhibitor group. (C) The apoptotic neurons were analyzed by flow cytometry, and
the apoptotic index was quantified. The data are shown as a mean + SEM (n¼ 3). **P < 0.01 vs. control group; ##P < 0.01, control group vs.
miRNA-144-3p mimic group; and @@P < 0.01, control group vs. miRNA-144-3p inhibitor group.
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acts as a terminal shear enzyme during the process of intrin-

sic apoptosis39. In the presence of the miRNA-144-3p

mimic, cleaved caspase-3 expression was promoted, while

the inhibitor showed an opposite trend (Fig. 7C).

Furthermore, cleaved caspase-3 protein levels were

shown to decrease during FPR2 overexpression relative to

the OxyHb treatment group. Conversely, caspase-3 activa-

tion was exacerbated after OxyHb stimulation when PI3 K

and AKT were blocked in advance using LY294002 and

MK-2206 inhibitors40 (Fig 7D).

Discussion

It is well established that in response to ICH, brain tissue

reacts by altering the regulation of various processes, such as

apoptosis, necroptosis, inflammatory responses, and

Fig. 7. The effects of miRNA-144-3p and FPR2 on the PI3K/AKT signaling pathway in vitro. Neurons were transfected with siRNA or
plasmid, and then stimulated with 10 mM OxyHb for 12 h. The cells were then collected and lysed for Western blot analysis. (A)
Quantification of PI3K and p-PI3K levels, with p-PI3K levels in the control group normalized to 1.0, while the others were normalized
to PI3K. Data are shown as mean + SEM (n ¼ 3). **P < 0.01 vs. control group; ##P < 0.01, control group vs. miRNA-144-3p mimic group;
and @P < 0.05, control group vs. miRNA-144-3p inhibitor group. (B) Quantification of AKT and p-AKT, with p-AKT levels in the control
group normalized to 1.0, while the others were normalized to AKT. Data are shown as mean + SEM (n ¼ 3). **P < 0.01 vs. control group;
##P < 0.01, control group vs. miRNA-144-3p mimic group; and @@P < 0.01, control group vs. miRNA-144-3p inhibitor group. (C)
Quantification of cleaved caspase-3, with protein level in the control group normalized to 1.0 and b-actin used as a loading control. Data
are shown as mean + SEM (n¼ 3). **P < 0.01 vs. control group; ##P < 0.01, control group vs. miRNA-144-3p mimic group; and @@P < 0.01,
control group vs. miRNA-144-3p inhibitor group. (D) Neurons overexpressing FPR2 after OxyHb exposure and PI3K/AKT pathway
inhibitor treatment. Cleaved caspase-3 levels were quantified and the data are shown as mean + SEM (n ¼ 3). **P < 0.01 vs. control
group; ##P < 0.01, OxyHb group vs. Mk-2206 group.

734 Cell Transplantation 28(6)



autophagy. These alterations can subsequently induce acci-

dental cell death or SBI as a result of the aggravate dysfunc-

tion and neurological deficiencies2. Unfortunately, despite

operational improvement techniques and peripheral surgical

management, the immediate mortality and long-term prog-

nosis following ICH remain unsatisfactory8.

Previous studies have shown that miRNA-144-3p can be

localized to the nucleus or cytoplasm after various patholo-

gical and pharmacological processes, thereby downregulat-

ing the activation of the target protein and weakening its

corresponding function32,41. Moreover, in NSCLC tumors,

miRNA-144-3p has been shown to inhibit tumor growth and

induce apoptosis17, while in ICH, miRNA-144 induces

microglial autophagy and inflammation19. The potential

roles of miRNA-144-3p are poorly understood, however,

and whether miRNA-144-3p can potentially be a diagnostic

biomarker or a therapeutic target should be further

investigated.

In this study, miRNA-144-3p expression in the perihema-

tomal region of the brain after ICH induction was higher

when compared with the controls. Moreover, after utilizing

TargetScan and MicroRNA, we verified the hypothesis that

miRNA-144-3p can downregulate FPR2 by binding to its 30-
UTR. However, the relationship between miRNA-144-3p

and FPR2 had not yet been defined. Therefore, the main

focus was on whether miRNA-144-3p could target FPR2 and

what affect miRNA-144-3p has on brain injury after ICH.

FPR2, a formyl peptide receptor, has been identified in

multiple cell types and has been found to have diverse func-

tions, such as anti-inflammatory, cell proliferation, inhibit-

ing carcinoma cell invasion, and neural protection23,42.

Smith et al. described in detail the beneficial role of FPR2

in acute stroke and following ischemia/reperfusion injury28.

Furthermore, other studies have suggested that FPR2 regu-

lates neutrophil–platelet aggregation and can attenuate cere-

bral inflammation following ischemia-reperfusion injury,

but the role of FPR2 in ICH is poorly characterized43. In

SAH, one study reported that relative brain FPR2 levels were

gradually altered and peaked at 24 h post-induction22. In

contrast, this study found that FPR2 levels were downregu-

lated after ICH induction. This difference may be attributed

to the fact that while both conditions have cerebral bleeding

in common, they have quite different etiologies and pathol-

ogies. Additionally, the brain tissue samples were extracted

from the disparate region in that study. Moreover, because

ICH occurs at the basal ganglia, it could possibly generate

mechanical injury because of the hematoma mass, whereas

in SAH, the blood is disseminated; thus, ICH has been asso-

ciated with accidental cell death44. To further examine the

impact of miRNA-144-3p on FPR2 after ICH induction, we

biologically synthesized and examined an miRNA-144-3p

mimic and inhibitor both in vivo and in vitro. The results

showed that when miRNA-144-3p is upregulated, FPR2

expression is significantly downregulated. Moreover, in the

Fig. 8. Illustration of the mechanisms of miRNA-144-3p in ICH-induced SBI. Endogenous miRNA-144-3p is activated after stimulation from
blood cells and the hematoma. The miRNA-144-3p then binds the FPR2 30-UTR and subsequently downregulates its expression at the
transcriptional phase. FPR2 exhibits a neural protective function by activating the PI3K/AKT signal pathway, which may subsequently
suppress the caspase-3 cascade and inhibit apoptosis.
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presence of the miRNA-144-3p inhibitor, neurological

scores and brain edema were improved, whereas the mimic

had the opposite effect. These findings suggest that miRNA-

144-3p downregulates FPR2 expression by suppressing its

activation and transduction, thereby inhibiting neural protec-

tion and aggravating the brain injury.

To determine the molecular mechanisms governing FPR2

in ICH, other signaling pathways shown to interact with

FPR2 were also considered30. In one study examining mouse

stem cell neural differentiation, formyl peptide receptors

were found to be promoted via the PI3K/AKT pathway29.

Furthermore, other studies have shown that PI3K/AKT sig-

naling is involved in the process of cerebral hemorrhage and

induces neural protection19,40,45,46. To further investigate

this association between FPR2 and the PI3K/AKT pathway,

we inhibited p-PI3 K and p-AKT in combination with FPR2

overexpression. The results showed that FPR2 exhibits its

neuroprotective effects through the activation of the PI3K/

AKT signaling pathway during ICH.

However, miRNA-144-3p is not a unique upstream mod-

ulator. In our previous study, annexin A1 phosphorylation

was shown to affect anti-necroptosis after ICH induction by

combining with the FPR2 receptor47. One limitation of the

present study was that only young male rats were utilized

and females or old ones were not considered. Additionally,

this study focused only on neurons, and thus further inves-

tigation into interactions between miRNA-144-3p and FPR2

should be performed in microglia, astrocyte, oligodendro-

cyte, and epithelial cells.

Conclusions

In conclusion, this study showed that in response to ICH,

miRNA-144-3p expression was increased and subsequently

targeted FPR2, thereby lowering its expression and contri-

buting to neuron apoptosis and brain injury. These findings

suggest that miRNA-144-3p may be a potential biomarker

for ICH prognosis and that FPR2 may be a potential thera-

peutic target for ICH-induced SBI.
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