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Objectives: Intracerebral hemorrhage (ICH) represents a serious central nervous system

emergency with high morbidity andmortality, and the basal ganglia is the most commonly

affected brain region. Differentially expressed microRNAs (miRs) have recently been

highlighted to serve as potential diagnostic biomarkers and therapeutic targets for

ICH. This study investigated the mechanism of miR-124-3p in microglial secondary

inflammation after ICH.

Methods: In this study, 48 patients with primary basal ganglia ICH and 48 healthy

volunteers were selected and venous blood was collected from all patients on the second

morning of admission (within 24 h of stroke onset). The expression of miR-124-3p in

serum was detected by RT-qPCR. Three months after ICH, the patients were assessed

by modified Rankin Scale (mRS), and the correlation between miR-124-3p expression

and mRS score was analyzed by Pearson. The inflammatory response of microglia was

induced by lipopolysaccharide (LPS) to establish the cell model of microglial inflammation.

miR-124-3p expression patterns were detected in the serum of ICH patients and healthy

volunteers, normal microglia, and LPS-induced microglia. The miR-124-3p mimic was

transfected into LPS-induced microglia, followed by measurement of the inflammatory

factors, apoptosis rate, and cell viability. The target gene of miR-124-3p was predicted

and verified. The expression patterns of tumor necrosis factor receptor-associated

factor 6 (TRAF6) were detected. pcDNA3.1 and pcDNA3.1-TRAF6 were transfected into

LPS-induced HMC3 cells, and nucleotide-binding oligomerization domain-like receptor

(NLR) pyrin domain-containing 3 (NLRP3) expression patterns were determined. Lastly,

the effects of TRAF6 overexpression on apoptosis, cell viability, and inflammation in

HMC3 cells were measured.

Results: miR-124-3p was downregulated in the serum of basal ganglia ICH patients

and LPS-induced microglia, and miR-124-3p expression was negatively correlated with

mRS. Overexpression of miR-124-3p reduced the inflammatory factors and apoptosis

rate and promoted cell activity in LPS-inducedmicroglia. miR-124-3p was found to target
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TRAF6. Overexpression of TRAF6 enhanced the expression of NLRP3 inflammasome,

inflammatory factors and apoptosis rate, and reduced cell viability.

Conclusion: Our findings indicate that miR-124-3p repressed the activation of NLRP3

inflammasome by targeting TRAF6, thus inhibiting microglial secondary inflammation

after ICH in basal ganglia.

Keywords: microglia secondary inflammation, intracerebral hemorrhage in basal ganglia, miR-124-3p, TRAF6,

NLRP3 inflammasome, inflammatory factors

INTRODUCTION

Intracerebral hemorrhage (ICH) is defined as a primary,
spontaneous, and non-traumatic hemorrhage of the brain
parenchyma, representing the most fatal type of stroke, with
up to 50 mortality of patients in hospital and most survivors
manifesting with severe disability (1). ICH is common in the
cerebral lobe, basal ganglia, thalamus, brainstem, and cerebellum,
which is credited to the rupture of minor penetrating arteries
from basilar arteries, or anterior, middle, and posterior cerebral
arteries (2). Principally, ICH is manifested as a sudden attack
of focal neurological deficit, spanning from minutes to hours,
with the manifestation of other associated symptoms including
epilepsy, vomiting, headache, and decreased consciousness (3).
ICH is an intricate event consequent from the interaction and
overlapping of various risk factors. Hypertension persists as the
most crucial risk factor, followed by cerebral amyloid angiopathy;
however, factors such as smoking, warfarin anticoagulation,
excessive drinking, and cocaine cannot be neglected as they can
increase the risk (4). Despite the high rates of incidence and
mortality, research necessitates for the development of definite
interventions to improve the clinical prognosis after ICH (5).
The predilection site of ICH is in the area of the basal ganglia
(6). Hence, further elucidating the underlying mechanism of ICH
in the basal ganglia and developing novel therapeutic targets for
ICH patients are urgent for improving the patients’ quality of life
and reducing the burden of social medicare.

Inflammation essentially manifests immediately after ICH and
persists for several days, which may exacerbate the progress
of secondary brain injury induced by ICH (7). Microglia
are vital immune cells in the central nervous system and
hence are implicated in brain development, neural environment
maintenance, and response to injury and repair (8). Notably,
microglia are alleged as the earliest non-neuronal cells to
respond to acute brain injuries, including ICH (8). The
activation of microglia corresponds to the secretion of pro-
inflammatory cytokines, reactive oxygen species, and matrix

Abbreviations: ICH, intracerebral hemorrhage; miRs, microRNAs; LPS,

lipopolysaccharide; mRS, modified Rankin Scale; TRAF6, tumor necrosis factor

receptor-associated factor; NLRP3, nucleotide-binding oligomerization domain-

like receptor (NLR) pyrin domain-containing 3; DMEM, Dulbecco’s modified

Eagle’s medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline; IL,

interleukin; ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobulin

G; RT-qPCR, reverse transcription quantitative polymerase chain reaction; TNF,

tumor necrosis factor; TLR, toll-like receptor; TBST, Tris buffered saline Tween;

ANOVA, analysis of variance.

metalloproteinases, thus resulting in blood–brain barrier damage
and neuronal injury after ICH (9). Currently, the detailed
mechanisms underlying the microglial secondary inflammation
after ICH remain largely uncertain.

microRNAs (miRs) have emerged as small endogenous non-
coding RNAs (18–22 nucleotides long) and implicated in the
modulation of gene expression at the post-transcriptional level
(10). Existing evidence has acknowledged the differentially
expressed miRs and their possible mRNA targets and related
pathways as potential diagnostic biomarkers and therapeutic
targets for the treatment of ICH (11). miR-124 is highly expressed
in the brain of human and rodents, due to its involvement in
M2 polarization of microglia and as a protective agent against
cerebral inflammation after ICH (12). miR-124-3p, as one of
the subtypes of miR-124, biologically functions similarly to
the miR-124 family (13). An increased miR-124-3p expression
in microglial exosomes after traumatic brain injury represses
the inflammatory responses of neurons and exacerbates the
neurite outgrowth (14). However, whether miR-124-3p can
regulate the secondary inflammatory reaction of microglia
and play a protective role in ICH has not been identified
yet. This study herein investigates the specific mechanism of
miR-124-3p in microglial secondary inflammation after basal
ganglia hemorrhage, which shall provide novel insights for the
management of ICH.

MATERIALS AND METHODS

Ethics Statement
This study was conducted with approval of the Ethics Committee
of the Affiliated Hangzhou First People’s Hospital, Zhejiang
University School of Medicine. All participants provided written
informed consent prior to enrollment.

Collection of ICH Samples
A total of 59 patients diagnosed with ICH in the Affiliated
Hangzhou First People’s Hospital, Zhejiang University School
of Medicine, from July 2015 to July 2019 were enrolled in
this study. To evaluate the relationship between miR-124-3p
expression and neurological deficits, we isolated venous blood
samples from 48 patients with primary basal ganglia hemorrhage
and 48 healthy volunteers visiting the Affiliated Hangzhou First
People’s Hospital, Zhejiang University School of Medicine, for a
conventional physical examination. The inclusion criteria were
as follows: (a) identification of patients with primary ICH within
24 h of the disease onset and collection of blood from the

Frontiers in Neurology | www.frontiersin.org 2 August 2021 | Volume 12 | Article 653321

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Fang and Hong Role of miR-124-3p/TRAF6 in ICH

cubital fossa vein before the use of any agents; (b) computed
tomography-verified basal ganglia hemorrhage; and (c) diagnosis
in accordance with the criteria of the European Stroke Initiative
(15). The exclusion criteria were as follows: (a) age <18 or >80
years; (b) a history of surgery in the last 6 months; (c) coma
or death within 48 h after admission; (d) hematoma resultant
of trauma, drug abuse, brain tumor, vascular malformation,
anticoagulant therapy, or coagulation dysfunction; (e) grave
inflammatory diseases (such as infectious diseases, systemic
lupus erythematosus, or rheumatoid arthritis); (f) any hospital-
acquired infection; (g) acute and chronic hepatopathy; and (h)
diabetes. In total, 48 patients were included in the current study
with the exclusion of 11 patients, among which four patients
died and seven patients were lost during the follow-up period.
Meanwhile, 48 healthy volunteers who visited the Affiliated
Hangzhou First People’s Hospital, Zhejiang University School of
Medicine, for conventional physical examination were selected as
the control group. The general clinical features of patients with
ICH and healthy volunteers are shown in Table 1. The fasting
venous blood was collected from all patients in the morning of
the 2nd day after admission, centrifuged at 200 g for 15min, and
allowed to stand, and then the supernatant was obtained and
preserved at −80◦C. Referring to the previous study (16), the
patients were assessed with the modified Rankin Scale (mRS) 3
months after ICH.

Cell Transfection and Establishment of
Microglial Inflammation Model
HMC3 cells (American Type Culture Collection, Manassas,
VA, USA), miR-124-3p mimic, pcDNA3.1-tumor necrosis
factor receptor-associated factor 6 (TRAF6), si-TRAF6, and
corresponding controls were designed and synthesized by
GenePharma (Shanghai, China). HMC3 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; A4192101,
GIBCO, Grand Island, NY, USA) containing a combination

TABLE 1 | Clinical features of ICH patients and healthy controls.

HC ICH p

Age, y 48 (9.8) 48 (10.12) 0.68

Male, % 55.2 60.1 0.88

History of vascular risk factors, % No No

Blood pressure 88.7 94.2 0.42

Drinking 35.6 37.2 0.68

Smoking habits (current) 33.4 33.1 0.62

Diabetes No No

Laboratory parameters

White blood cell count, ×109/L 7.34 (1.82) 7.62 (1.47)

Serum glucose, mmoL/L 6.14 (2.14) 6.53 (1.79) 0.691

platelet count, ×109/L 199 (50) 217 (36) 0.755

Obvious inflammation occurred

within 6 months

No No

Acute myocardial infarction No No

Acute or chronic liver injury No No

of 10% fetal bovine serum (FBS; 16000044, GIBCO), 100
U/ml penicillin, and 100 g/ml streptomycin at 37◦C. The cell
suspension (about 1 × 104 cells) was seeded into 24-well plates
for incubation at 37◦C with 5% CO2. HMC3 cells in the
logarithmic phase were seeded into the six-well plates (3 ×

105/ml). The cells were transfected using Lipofectamine R© 2000
upon growing adherent to the surface. After 48 h, the cells were
isolated for subsequent experiments. The lipopolysaccharide
(LPS) powder was dissolved in mother liquor at a concentration
of 1 mg/ml with phosphate-buffered saline (PBS), after which
the cells were seeded into 12-well plates (20 × 104 cells/well)
containing LPS (the final solubility was 1µg/ml) (17) for
incubation at 37◦C with 5% CO2. After 24 h, the cells were
isolated for subsequent experimentation.

The cells were assigned as follows: the normal group
(untreated HMC3 cells), the LPS group (LPS-treated HMC3
cells), the LPS+mimic negative control (NC) group (LPS-treated
HMC3 cells were transfected with mimic NC), the LPS + miR-
124-3p mimic group (LPS-treated HMC3 cells were transfected
with miR-124-3p mimic), the LPS + NC group (LPS-treated
HMC3 cells were transfected with empty vector), the LPS + p-
TRAF6 group (LPS-treated HMC3 cells were transfected with
pcDNA3.1-TRAF6), the LPS+ si-NC group (LPS-treated HMC3
cells were transfected with si-NC), the LPS + si-TRAF6 group
(LPS-treated HMC3 cells were transfected with si-TRAF6), and
the LPS + p-TRAF6 + miR-124-3p mimic group (LPS-treated
HMC3 cells were transfected with pcDNA3.1-TRAF6 and miR-
124-3p mimic), respectively.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The levels of interleukin (IL)-1β, IL-6, and tumor necrosis factor
(TNF)-α in the cell supernatant or brain tissues were analyzed
using the ELISA kit (R&D Systems, Minneapolis, MN, USA).
After 24 h of stimulation, the cell supernatant was collected and
preserved at−70◦C.

Reverse Transcription Quantitative
Polymerase Chain Reaction (RT-qPCR)
The total RNA content was extracted from the clinical sample
tissues or cultured cells using the TRIzol reagent (Invitrogen
Inc., Carlsbad, CA, USA) and identified by a combination of UV
analysis and formaldehyde denaturing gel electrophoresis. RT-
qPCR was performed on ABI 7500 (ABI Inc., Foster City, CA,
USA), with U6 and β-actin serving as an internal reference. The
relative expression of genes was calculated based on the 2-11CT

method. The formula was as follows: 11CT = [Ct (target gene)
– Ct (reference gene)] experimental group - [Ct (target gene) –
Ct (reference gene)] control group. The primers are shown in
Table 2.

Western Blotting
After 48 h of transfection, the protein content was extracted
from the LPS-induced microglia in radio-immunoprecipitation
assay buffer. The protein concentration of the supernatant was
measured using the bicinchoninic acid assay. The protein (50 g)
was separated on 5–15% sodium dodecyl sulfate-polyacrylamide
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TABLE 2 | Primer sequence for RT-qPCR.

Name of primer Sequences

miR-124-3p forward 5′-GCCTAAGGCACGCGGTG-3′

miR-124-3p reverse 5′-GTCGTATCCAGTGCAGGGTCC

GAGGTATTCGCACTGGA TACGAC

GGCATT-3′

TRAF6 forward 5′-CAGTGGTCGTATCGTGCTTA-3′

TRAF6 reverse 5′-CCTTA TGGTTTCTTGGAGTC-3′

U6 forward 5′-CTCGCTTCGGCAGCACA-3′

U6 reverse 5′-AACGCTTCACGAATTTGCGT-3′

β-actin forward 5′-GTTGCGTTACACCCTTTCTTG-3′

β-actin reverse 5′-GACTGCTGTCACCTTCAC

CGT-3′

gel electrophoresis and transferred onto polyvinylidene fluoride
membranes. Membrane blockade was conducted using 5% skim
milk–Tris-buffered saline Tween (TBST; 10mM Tris–HCl, ph
7.5, 150mM NaCl and 0.1% Tween-20) for 1 h and incubated
with the corresponding primary antibodies anti-human TRAF6
polyclonal antibody (dilution ratio of 1:500, ab181622, Abcam
Inc., Cambridge, MA, USA) and rabbit anti-human β-actin
monoclonal antibody (dilution ratio of 1:1,000, ab8227, Abcam)
at 4◦C overnight. The membranes were rinsed with TBST three
times (5 min/time) and incubated with the corresponding goat
anti-rabbit immunoglobulin G (IgG) (dilution ratio of 1:2,000,
A6154, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at
37◦C for 1 h. Next, themembranes were developed and visualized
using the enhanced chemiluminescence reagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The gray value of each band
was quantified using PDQuest 8.0 (Bio-Rad, Hercules, CA, USA).
The relative protein level of TRAF6 was estimated as the gray
value ratio of TRAF6/β-actin.

Dual-Luciferase Reporter Gene Assay
The 3′-UTR fragment of TRAF6-wild type (WT) complementary
to miR-124-3p was synthesized. Next, the TRAF6-WT and
TRAF6-mutant type (MUT) containing the binding sequence
and mutation sequence of miR-124-3p were cloned into the
pmiR-GLO luciferase vector. The cultured microglia were
thoroughly seeded into six-well plates (3 × 105/ml). The
constructed luciferase plasmids were co-transfected with mimic
NC or miR-143-3p mimic into the microglia. The cells were
isolated 48 h later, and the luciferase activity was analyzed using
the dual-luciferase reporter gene assay kit. The values were
measured the wavelength of at 560 nm on the microplate reader
(BioTek Inc., Norcross, GA, USA).

Flow Cytometry
The LPS-induced microglia were cultured using Annexin V-
FITC and propidium iodide in conditions devoid of light for
15min. The cells were filtered, after which the cell apoptosis
was evaluated by flow cytometry (BD Biosciences, San Jose,
CA, USA). The cells were counted using the CellQuest Software
(BD Biosciences), and the data were analyzed using the Mac
Quit Software.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT)
Assay
After 48 h of transfection, the microglia were cultured using 100
µl MTT solution (0.5 mg/ml/well) at 37◦C for 4 h. Each well
was treated with 100 µl 20% sodium dodecyl sulfate (auxiliary
solvent, 50% dimethylformamide) at 37◦C for 24 h. The optical
density was measured at the wavelength of 570 nm on the
microplate reader.

Statistical Analysis
Data analysis was conducted using the SPSS 21.0 (IBM
Corp., Armonk, NY, USA). The Kolmogorov–Smirnov method
was adopted to evaluate whether the data were in normal
distribution. Data are expressed as mean ± standard deviation.
The unpaired t-test was adopted for comparison between two
groups. One-way analysis of variance (ANOVA) was employed
for comparisons among multiple groups, followed by Tukey’s
multiple-comparison test. Pearson was used to analyze the
correlation between the serum miR-124-3p level and the
mRS score 3 months after ICHe. The p-value was estimated
from a two-tailed test, and a value of p < 0.05 was of
statistical significance.

RESULTS

miR-124-3p Was Downregulated in
Microglia After ICH
As one of the most extensively present miRs in the brain,
miR-124-3p is essential for the development of the nervous
system and is regarded as a vital regulator of microglial function
(18). To determine the role of miR-124-3p in ICH, we selected
48 patients with primary basal ganglia ICH and 48 healthy
volunteers and venous blood was collected from all patients on
the second morning of admission. The miR-124-3p expression
pattern in ICH patients and healthy volunteers was detected
by RT-qPCR, and the results revealed that the miR-124-3p
expression pattern was considerably lower in the serum of ICH
patients relative to the healthy volunteers (p < 0.05, Figure 1A).
In addition, we evaluated the mRS score 3 months after ICH
and analyzed the correlation betweenmiR-124-3p expression and
mRS score by Pearson. The results revealed that the miR-124-3p
expression pattern was negatively correlated with the mRS score
(r = −0.7724, Figure 1B). Human microglial HMC3 cells were
induced by LPS to establish an in vitro cell model of microglial
inflammation. ThemiR-124-3p expression pattern in LPS-treated
cells was notably lower compared to the control cells (p < 0.05,
Figure 1C). Altogether, we speculated an association between
miR-124-3p with microglial injury in ICH.

Overexpression of miR-124-3p Inhibited
LPS-Induced Inflammatory Response in
Microglia
To identify the role of miR-124-3p in the microglial secondary
inflammation after ICH, we transfected miR-124-3p mimic
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FIGURE 1 | miR-124-3p was downregulated in microglia after ICH. (A) The expression of miR-124-3p in the serum of patients with primary ICH in the basal ganglia

was detected using RT-qPCR, N = 48; (B) Pearson was used to analyze the correlation between the expression of miR-124-3p and the modified Rankin Scale (mRS)

score 3 months after ICH; (C) The expression of miR-124-3p in LPS-induced microglia and normal microglia was detected using RT-qPCR. The cell experiment was

repeated three times independently. Data are expressed as mean ± standard deviation. Data in panels A/C were analyzed using t-test, **p < 0.05.

into the LPS-induced cells. RT-qPCR showed that the miR-
124-3p expression pattern in cells of the LPS + miR-124-
3p mimic group was notably higher compared to the cells
in the control group and the LPS + mimic NC group
(p < 0.05, Figure 2A). The levels of IL-1β, IL-6, and TNF-α
were detected using ELISA, and the results revealed that the
levels of inflammatory factors were considerably reduced after
miR-124-3p mimic transfection (p < 0.05, Figure 2B). MTT
analysis revealed that the cell viability of miR-124-3p mimic-
treated cells was higher than that of control cells 48 h after
transfection (p < 0.05, Figure 2C). Flow cytometry showed a
significantly reduced apoptosis rate of cells transfected with
the miR-124-3p mimic (p < 0.05, Figure 2D). These results
suggested that miR-124-3p could inhibit inflammation and
apoptosis in vitro.

miR-124-3p Targeted TRAF6
To understand the potential mechanism of miR-124-3p in
ICH, our prediction through the Starbase identified TRAF6
as the target gene of miR-124-3p (Figure 3A). The binding
relationship between miR-124-3p and TRAF6 was verified using
dual-luciferase reporter gene assay. The TRAF6 3′-UTR (WT)
and TRAF6 3′-UTR (MUT) were constructed and transfected
into microglia in combination with the miR-124-3p mimic and
mimic NC. The luciferase activity of TRAF6 3′-UTR (WT) in the
miR-124-3p mimic group was markedly lower than that in the
mimic NC group (p < 0.05, Figure 3B). Essentially, miR-124-3p
might act directly on the predicted target site of TRAF6. After
transfection of miR-124-3p mimic into LPS-induced microglia,
the expression pattern of TRAF6 and the regulation of miR-
124-3p on the TRAF6 expression pattern were analyzed using
Western blotting. The protein level of TRAF6 in the microglia of
the miR-124-3pmimic group was remarkably weaker than that in
the control group and themimicNC group (p< 0.05, Figure 3C),
thus indicating that overexpression of miR-124-3p inhibited the

TRAF6 protein level. Briefly, miR-124-3p inhibited the TRAF6
protein level.

miR-124-3p Reduced Inflammatory
Response by Targeting TRAF6
To investigate whether TRAF6 was involved in the effect
of miR-124-3p overexpression on microglial apoptosis and
inflammatory response after ICH, we transfected overexpression
empty vector pcDNA3.1 or pcDNA3.1-TRAF6 into LPS-induced
HMC3 cells. Subsequent results of Western blotting showed that
TRAF6 expression was promoted in HMC3 cells transfected
with pcDNA3.1-TRAF6 (p < 0.05, Figure 4A). Meanwhile, it
was found that overexpression of TRAF6 significantly reversed
the downregulation of inflammatory factors induced by miR-
124-3p mimic (p < 0.05, Figure 4B). Also, overexpression of
TRAF6 inhibited the cell viability, while further miR-124-3p
mimic was found to reverse the cell viability, yet the cell
viability was still lower than that of the control group (p <

0.05, Figure 4C). Lastly, overexpression of TRAF6 not only
enhanced cell apoptosis but also blocked the protective effect
of miR-124-3p mimic on apoptosis (p < 0.05, Figure 4D).
Briefly, miR-124-3p reduced the inflammatory response by
targeting TRAF6.

TRAF6 Promoted Microglial Secondary
Inflammation by Mediating the NLRP3
Inflammatory Pathway
TRAF6 is known as an intracellular scaffold protein, which
directly or indirectly participates in the signal transduction
pathway of the TNF receptor family and the IL-1R and toll-like
receptor (TLR) family (19). TRAF6 was further highlighted
to initiate downstream signal transduction when binding
to activated receptor complexes, especially the activation
of the NLRP3 inflammasome (20). However, it is not clear
whether TRAF6 regulates the secondary inflammation of
microglia after ICH by activating the NLRP3 inflammasome.
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FIGURE 2 | Overexpression of miR-124-3p inhibited LPS-induced inflammatory response and apoptosis in microglia. LPS-induced microglia were transfected with

miR-124-3p mimic. (A) Transfection efficiency of miR-124-3p was confirmed using RT-qPCR; (B) Inflammatory factors IL-1β, IL-6, and TNF-α in microglia were

detected using ELISA; (C) Cell viability was detected using MTT; (D) Cell apoptosis was measured using flow cytometry. The cell experiment was repeated three times

independently. Data are expressed as mean ± standard deviation and analyzed using two-way ANOVA, followed by Tukey’s multiple-comparison test, **p < 0.05.

We transfected LPS-induced microglia with pcDNA3.1-TRAF6
or si-TRAF6 to elucidate the mechanism of TRAF6 in the
microglial secondary inflammation. The transfection efficiency

was confirmed by RT-qPCR (p < 0.05, Figure 5A), and NLRP3
expression was found to be downregulated after inhibition of
TRAF6 while being upregulated after overexpression of TRAF6;
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FIGURE 3 | miR-124-3p-targeted TRAF6. (A) The binding site between miR-124-3p and TRAF6 was predicted by Starbase; (B) The relative luciferase activity of

miR-124-3p mimic group and mimic NC group in dual-luciferase reporter gene assay; (C) The relative expression of TRAF6 was detected using Western blotting. The

cell experiments were repeated three times. Data are expressed as mean ± standard deviation and analyzed using one-way ANOVA, followed by Tukey’s

multiple-comparison test, **p < 0.05.

overexpression of TRAF6 also upregulated inflammatory factors
in cells, while inhibition of TRAF6 brought about the opposite
effects (p < 0.05, Figures 5B,C). In addition, cell viability
was noted to be reduced after overexpression of TRAF6 and
promoted after inhibition of TRAF6 (p < 0.05, Figure 5D).
The results further demonstrated that the proportion of
apoptotic cells in the p-TRAF6 group was higher than that
in the control group, while the proportion of apoptotic cells
in the si-TRAF6 group was slightly lower than that in the
control group (p < 0.05, Figure 5E). Moreover, overexpression

of miR-124-3p significantly decreased the expression of
NLRP3, downregulated the expressions of inflammatory
factors, enhanced cell viability, and reduced apoptosis (p <

0.05, Figures 5B–E). On the other hand, overexpression of
TRAF6 significantly alleviated the aforementioned effects of
miR-124-3p overexpression on microglia. Compared with
the LPS + miR-124-3p mimic group, the LPS + p-TRAF6 +

miR-124-3p mimic presented with upregulated expressions of
NLRP3 and inflammatory factors, reduced cell viability, and
increased apoptosis (p < 0.05, Figures 5B–E). Taken together,
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FIGURE 4 | miR-124-3p reduced inflammatory response by targeting TRAF6. (A) TRAF6 expression in untreated HMC3 cells, pcDNA3.1- or p-TRAF6-treated HMC3

cells was detected using Western blotting; (B) Inflammatory factors IL-1β, IL-6, and TNF-α in p-TRAF6- or miR-124-3p mimic-transfected HMC3 cells induced by LPS

were detected using ELISA; (C) Cell viability was detected using MTT; (D) Cell apoptosis was measured using flow cytometry. The cell experiment was repeated three

times independently. Data are expressed as mean ± standard deviation and analyzed using one-way ANOVA, followed by Tukey’s multiple-comparison test,

**p < 0.05.

Frontiers in Neurology | www.frontiersin.org 8 August 2021 | Volume 12 | Article 653321

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Fang and Hong Role of miR-124-3p/TRAF6 in ICH

FIGURE 5 | TRAF6 promoted microglial secondary inflammation by mediating the NLRP3 inflammatory pathway. LPS-induced HMC3 cells were transfected with

pcDNA3.1, p-TRAF6, si-NC, si-TRAF6, and miR-124-3p mimic. (A) Transfection efficiency of TRAF6 was confirmed using RT-qPCR; (B) The relative expression of

NLRP3 was detected using RT-qPCR; (C) The levels of inflammatory factors were detected using ELISA; (D) Cell viability was detected using MTT assay; (E) Cell

apoptosis was measured using flow cytometry. The cell experiment was repeated three times independently. Data are expressed as mean ± standard deviation and

analyzed using one-way ANOVA, followed by Tukey’s multiple-comparison test, *P < 0.05, **P < 0.01.

miR-124-3p targeted TRAF6 to regulate the NLRP3 expression,
thereby modulating the secondary inflammation of microglia
after ICH.

DISCUSSION

ICH is a life-threatening emergency with poor prognosis and
limited treatment protocols (21). The critical role of microglia-
mediated inflammation in the manifestation and development
of brain injury after ICH has been identified by a team of

researchers (22). miR-124 can facilitate the polarization of
activated microglia and stimulate migration of macrophages to
the anti-inflammatory M2 phenotype, thereby functioning as
a protective barrier for neurons after brain injury (23). Our
study elucidated the mechanism of miR-124-3p/TRAF6 in the
regulation of microglial secondary inflammatory response after
basal ganglia hemorrhage.

The brain-specific miR-124 serves as a potential biomarker
for the early diagnosis of ICH (24). To identify the role of
miR-124-3p in ICH, we detected the miR-124-3p expression
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in the serum of ICH patients and LPS-treated microglia.
The results presented with a notably downregulated miR-
124-3p expression in the serum of ICH patients and LPS-
treated microglia. Additionally, a negative correlation has been
identified between miR-124-3p expression and the mRS score
in ICH patients. He et al. suggested that an increase in
miR-124-3p expression is associated with the prognosis of
patients with acute ischemic stroke receiving thrombolysis
(25). Our initial findings elicited that the downregulated miR-
124-3p expression might be associated with microglial injury
after ICH. Neuroinflammation is a vital factor for analysis of
nerve injury caused by ICH; the manifestation pathological
or physiological injury by the brain initiates activation of
inflammatory cells (26). Activated microglia can principally
be categorized into two main subtypes: classical activated M1
phenotype and the alternative activated M2 phenotype. The M1
phenotype elicits pro-inflammatory activity with the release of
pro-inflammatory factors such as IL-6 and TNF-α, while the
M2 phenotype is characteristic of anti-inflammatory activity
induced by the release of several anti-inflammatory factors
such as IL-10 and TGF-β (27, 28). LPS induces activation of
M1 microglia (28), facilitates the apoptosis of microglia, and
decreases the cell survival rate (29). Our results demonstrated
that overexpression of miR-124-3p could alleviate the damage
of LPS to microglia. Moreover, overexpression of miR-124-
3p improved the cell survival, inhibited the pro-inflammatory
activity of microglia, and induced anti-inflammatory activity.
Also, our results elicited the ability of an overexpression of
miR-124-3p to significantly reduce LPS-induced inflammation.
An existing study has exhibited that increasing the miR-124-
3p expression in microglia can facilitate the anti-inflammatory
M2 polarization to consequently suppress the inflammatory
response of neurons in mice with traumatic brain injury
(14). Next, we transfected the miR-124-3p mimic into LPS-
induced microglia, where the results indicated the ability of
an overexpression of miR-124-3p to markedly reduce the
levels of inflammatory factors and apoptosis rate and facilitate
cell activity. Consistently, miR-124-3p mimic can repress the
levels of inflammation cytokines in rats induced by chronic
sciatic nerve injury (30). The miR-124 inhibitors are capable
of improving neuronal apoptosis via the Bcl-2/Bcl-xl pathway
in ICH (12). Briefly, miR-124-3p inhibited the inflammatory
response and cell apoptosis after basal ganglia hemorrhage
in vitro.

Thereafter, we aimed at identifying the target genes of miR-
124-3p in the regulation of microglial secondary inflammation
after ICH. Essentially, the miR-124-3p/TRAF6 axis can evidently
regulate the inflammatory response and apoptosis induced
by ischemia–reperfusion injury in human cardiac myocytes
(31). TRAF is a vital binding protein of the TNF and TLR
superfamily, with notable involvement in innate immunity and
acquired immunity (32). Intriguingly, TRAF6 is implicated in
the manifestation of hemorrhagic stroke corresponding to its E3
ubiquitin ligase activity (32). In the current study, the targeting
relationship between miR-124-3p and TRAF6 was validated
using dual-luciferase reporter gene assay. Upon transfection
of pcDNA3.1 and pcDNA3.1-TRAF6 into the LPS-induced

HMC3 cells, the effects of TRAF6 overexpression on the
apoptosis, cell viability, and inflammatory response of HMC3
cells were thoroughly evaluated. TRAF6 overexpression can
improve the levels of inflammatory factors and apoptosis rate
and inhibit cell activity. Previous research has documented the
protective effects of TRAF6 inhibition on ICH by restraining
the degree of inflammation and oxidative stress (33). Yang
et al. have also revealed that luteolin binds to TRAF6 and
represses the ubiquitination of TRAF6 to function as a
neuroprotective marker in ICH (34). Conjointly, miR-124-3p
reduced LPS-induced inflammation in HMC3 cells by targeting
TRAF6 expression.

TRAF6 has been documented to critically function in the
TLR/IL-1R-initiated activation of NLRP3 inflammasome (20).
As a pivotal regulator of the innate immune system, NLRP3
is activated after ICH (35), which can boost the inflammatory
response by the release of IL-1β and facilitate neutrophil
infiltration, thus radically exacerbating brain edema (36). The
speculation regarding whether TRAF6 regulated the secondary
inflammation of microglia after ICH by activating NLRP3
inflammasome was uncertain. Hence, the HMC3 cells were
transfected with p-TRAF6 or si-TRAF6 to determine the
mechanism of TRAF6 in secondary inflammation of microglia.
Upon inhibition of TRAF6, the NLRP3 expression would
decrease; however, upon overexpression of TRAF6, the NLRP3
expression would increase. Song et al. have demonstrated that the
ability of repressing the activation of the NLRP3 inflammasome
can weaken secondary brain injury and inflammatory reaction
and protect the integrity and permeability of the blood–brain
barrier after ICH (37). Our results verified that TRAF6 promoted
microglial secondary inflammation after ICH by enhancing the
NLRP3 inflammasome.

To conclude, miR-124-3p inhibits microglial secondary
inflammation after basal ganglia hemorrhage by targeting the
TRAF6 expression and repressing the activation of the NLRP3
inflammasome. Our study may speculate the functionality of
miR-124-3p as a potential target for ICH patients. Our future
researches shall focus on a comprehensive investigation of the
extensive regulatory mechanism of the NLRP3 inflammasome,
as well as the feasibility and safety of miR-124-3p in the clinical
treatment of ICH.
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