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Bone marrow mesenchymal stem cells-derived exosomal microRNA-124-3p 
attenuates hypoxic-ischemic brain damage through depressing tumor necrosis 
factor receptor associated factor 6 in newborn rats
Weijie Min#, Yina Wu#, Yibin Fang#, Bo Hong, Dongwei Dai, Yu Zhou, Jianmin Liu, and Qiang Li*

Changhai Stroke Center, Changhai Hospital, Second Military Medical University, Shanghai China

ABSTRACT
Mesenchymal stem cells (MSCs)-derived exosomes (Exo) are beneficial in the use of brain damages. 
Restrictively, the mechanism of Exo expressing miR-124-3p in hypoxic-ischemic brain damage (HIBD) 
is not completely comprehended. Thereupon, this work was put forward to reveal the action of bone 
marrow MSCs-derived Exo (BMSCs-Exo) expressing miR-124-3p in the illness. BMSCs were isolated and 
transfected with miR-124-3p agomir. Then, BMSCs-Exo were extracted and identified. The newborn 
HIBD rats were injected with miR-124-3p-modified BMSCs-Exo or tumor necrosis factor receptor 
associated factor 6 (TRAF6)-related vectors. Next, neurological functions, neuron pathological and 
structural damages, oxidative stress and neuronal apoptosis were observed. miR-124-3p and TRAF6 
expression was tested, along with their targeting relationship. miR-124-3p was down-regulated, and 
TRAF6 was up-regulated in newborn HIBD rats. miR-124-3p targeted TRAF6. BMSCs-Exo improved 
neurological functions, alleviated neuron pathological and structural damages, suppressed oxidative 
stress and reduced neuronal apoptosis in newborn HIBD rats, whereas BMSCs-Exo-mediated effects 
were enhanced by restoring miR-124-3p. Silencing TRAF6 attenuated HIBD in newborn rats, but 
overexpression of TRAF6 reversed the protective role of miR-124-3p-overexpressing BMSCs-Exo. 
This work makes it comprehensive that up-regulated exosomal miR-124-3p ameliorates HIBD in 
newborn rats by targeting TRAF6, which replenishes the potential agents for curing HIBD.
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Introduction

Hypoxic-ischemic brain damage (HIBD) is the result 
of hypoxia-ischemia in the uterus, disturbing energy 
supply of fetal brain cells and further damaging brain 
metabolism [1]. Cell respiration interruption and 
abnormal metabolism lead to oxidative stress and 

the generation of free radicals, which induce inflam-
matory factors, destroy the blood–brain barrier and 
ultimately cause secondary brain damage [2]. 
Surviving HIBD infants usually further suffer from 
mental retardation, cerebral palsy and other dys-
functions in the long term [3]. Though 
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erythropoietin, hypothermia, xenon, hyperbaric oxy-
gen and melatonin therapies are protective in treat-
ing HIBD, the efficacy is inferior to expectancy [4]. 
Thereupon, the requirement for applicable treat-
ments for HIBD is a top task.

Exosomes (Exo) are endogenous vesicles that can 
transport therapeutic drugs and subdue biocompat-
ibility, metabolic stability, blood–brain barrier 
penetrability and target specificity [5]. Exo are weap-
oned against ischemic brain damage by reducing 
infarct size [6]. Bone marrow mesenchymal stem 
cells (BMSCs)-derived extracellular vesicles have 
been shown to be protective against hypoxia- 
ischemia [7]. Exo delivery of miR-124 has been dis-
covered to promote neurogenesis after ischemia [8], 
and miR-124 could improve neurological dysfunc-
tion recovery after neonatal HIBD [9]. Moreover, 
BMSCs-Exo containing miR-124-3p could attenuate 
neurological damage in spinal cord ischemia/reper-
fusion injury (IR/I) [10]. miR-124-3p is poorly 
expressed in the brain tissue of rats with permanent 
focal cerebral ischemia [11], and miR-124-3p could 
protect against kidney IR/I [12]. miR-124-3p could 
ameliorate IR/I in human cardiomyocytes by target-
ing tumor necrosis factor receptor associated factor 6 
(TRAF6) [13]. TRAF6 is tightly connected with cen-
tral nerve system diseases, such as neuropathic pain, 
stroke and traumatic brain injury [14]. TRAF6 
expression is tended to increase in newborn male 
mice with HIBD [15]. There is a mechanistic study 
elucidating that TRAF6 down-regulation attenuates 
infarction, neurological deficits, oxidative stress and 
neuronal apoptosis in cerebral I/R [16]. Consulted 
from these prior studies, it deserves to explore that 
BMSCs-Exo expressing miR-124-3p function in 
newborn HIBD rats with the involvement with 
TRAF6.

Materials and methods

Ethics statement

This study has been approved by the ethics com-
mittee of Changhai Hospital and carried out in 
conformity with the recommendations in the 
Guidelines for the Care and Use of Laboratory 
Animals. Every effort has been made to minimize 
the suffering of animals.

Experimental animals

Newborn Sprague Dawley (SD) rats, aging 7 days old  
, were subjected to HIBD modeling. Male SD rats of 
specific pathogen-free grade, aging 4–5 weeks old-
were applied to isolate BMSCs. All rats were pro-

vided by Shanghai Dishi Biotechnology Co., Ltd. 
(Shanghai, China).

Culture and identification of BMSCs

SD rats were anesthetized to collect bilateral 
femurs, of which articular cartilage was removed. 
The medullary cavity, femur and tibia were repeat-
edly rinsed with phosphate buffered saline (PBS) 
to collect the red mixture. Then, the mixture was 
centrifuged at 1500 g/7 min, and the obtained 
pellets were resuspended in 5 mL complete med-
ium (α-minimum essential medium + 10% fetal 
bovine serum (FBS) + 1% penicillin- 
streptomycin). Subsequently, the medium was 
renewed in half 24 h later and then renewed in 
total every 48–72 h. Cells of 70–80% confluence 
were detached by 0.25% ethylene diamine tetra-
acetic acid, followed by centrifugation at 1500 g/ 
7 min and resuspension in complete medium. 
Finally, cells were seeded at 1:2 or 1:3 and 
observed under an inverted fluorescence micro-
scope. Cells of passage 3 (P3) were identified by 
BD FACScan System (BD Biosciences, CA, USA) 
through flow cytometry. The antibodies included 
anti-CD90-PE, anti-CD44-PE, and anti-CD29- 
FITC, anti-rat-CD45-PE, anti-rat-CD34-PE (-
Biolegend) [17–19].

The identified BMSCs were trypsinized and culti-
vated on 6-well culture plates at 3 × 106 cells/well to 
60% confluence. Then, BMSCs were further incu-
bated in a serum-free culture medium for 1 h and 
transfected with agomir NC or miR-124-3p agomir 
with Lipofectamine 2000 transfection reagent 
(Invitrogen, CA, USA). BMSCs-Exo were extracted 
by ultra-high speed centrifugation. The oligonucleo-
tides plasmids were provided by GenePharma 
(Shanghai, China).

Extraction of BMSCs-Exo

After the BMSCs were cultured in the medium con-
taining 10% exosome-free FBS for 48 h, the cells 
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were collected and   treated by 300 × g centrifugation 
for 10 min and 2000 × g centrifugation for 10 min. 
The supernatant was filtered through a Steritop™ 
0.22 µm sterile filter membrane (Millipore, MA, 
USA) and ultra-centrifuged at 150,000 g in a centri-
fuge (EPPENDORF, Germany) to collect the preci-
pitate. Then, the exosomes were resuspended in PBS, 
centrifuged at 100,000 g for 1 h, and resuspended in 
50–100 μL PBS and stored at −80°C until the final 
volume was reduced to about 200 μL [20,21].

To detect the characteristics of the extracted 
exosomes, Western blot was used to detect the 
exsomal markers CD9 and CD81.

Transmission electron microscope (TEM)

Exo (10 μL) were diluted with an equal volume of 
PBS, dropped on a 2-mm copper net and counter-
stained with 2% phosphotungstic acid solution, 
which was followed by photography by a TEM 
[22,23].

Nanoparticle tracking analysis (NTA)

NTA of Exo was performed using NanoSight 
LM10 and NTA Version 2.3 Build 0034 soft-
ware [23].

HIBD modeling on newborn rats

The newborn rats were anesthetized with isoflur-
ane (2.5–3% for induction, 1.5–2% for mainte-
nance) and processed with right common carotid 
artery occlusion. The right common carotid artery 
was isolated at the median carotid artery incision 
and ligated by 6/0 sterile threads at the distal and 
proximal ends. After 2 h, rats were placed in 
a hypoxic bottle and exposed to 8% oxygen and 
92% nitrogen. After 1 h of hypoxia, the surviving 
rats were continuously reared. Rats in the sham 
group were treated with the right common carotid 
artery isolation but without ligation or hypoxic 
treatment [24].

Rat treatment

Newborn rats were randomly divided into nine 
groups (n = 12 in each group): (1) Sham group; 
(2) HIBD group (intraventricular injection of PBS 

2 days after HIBD); (3) Exo group (intraventricu-
lar injection of BMSCs-Exo 2 days after HIBD); (4) 
Exo-agomir negative control (NC) group (Exo- 
agomir NC, intraventricular injection of agomir 
NC-transfected BMSCs-Exo 2 days after HIBD); 
(5) Exo-miR-124-3p agomir group (Exo + miR- 
124-3p agomir, intraventricular injection of miR- 
124-3p agomir-transfected BMSCs-Exo 2 days 
after HIBD); (6) scramble siRNA group (intraven-
tricular injection of scramble siRNA vector 2 days 
after HIBD); (7) si-TRAF6 group (intraventricular 
injection of TRAF6 siRNA vector 2 days after 
HIBD); (8) Exo-miR-124-3p agomir + overexpres-
sion (oe)-NC group (intraventricular injection of 
miR-124-3p agomir-trasnfected BMSCs-Exo and 
empty vector 2 days after HIBD); (9) Exo-miR- 
124-3p agomir + oe-TRAF6 group (intraventricu-
lar injection of miR-124-3p agomir-trasnfected 
BMSCs-Exo and TRAF6 expression vector 2 days 
after HIBD). scramble siRNA vector, TRAF6 
siRNA vector, empty vector and TRAF6 expres-
sion vector were purchased from Shanghai 
GenePharma Co.,Ltd. (Shanghai, China)[25].

Neurological function score

Neurological functions included spontaneous 
activity, spontaneous limb movement, forelimb 
movement, wire climbing, trunk touch and vibrio 
touch. The lower the score, the more serious the 
injury, the higher the score, the more normal.

Behavioral test: in order to test the motor coor-
dination ability of each group of rats, we tested the 
foot failure of the rat-controlled model based on 
a reference [26]. Specifically, before modeling, rats 
were placed on a horizontal grid floor above the 
ground and allowed to walk for 2 min. The per-
centage of foot faults were recorded. On the 7th, 
14th, 21st, and 28th d after modeling, the same test 
was performed [27]. When the foot malfunc-
tioned, the rat could not step on the grid and fell 
off. The percentage of total foot failures for statis-
tical analysis was recorded.

Tissue collection

At 7 days after HIBD, six mice were selected from 
each group. Rats were euthanized, and then the 
brain tissues were collected, part of which was 
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fixed with paraformaldehyde and prepared for his-
tological staining. Another part stored at -80 � was 
used for enzyme-linked immunosorbent assay 
(ELISA), reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) and Western 
blot analysis.  

Paraffin section preparation: Brain tissues were 
sequentially filled with 70%, 80%, 90%, 95% and 
100% ethanol (2 h each), permeabilized in xylene 
(20–40 min) and embedded in paraffin (56–58°C). 
The coronal sections (5 µm) were obtained and 
baked at 65°C.

Hematoxylin-eosin (HE) staining

Dewaxed in xylene and previously hydrated with 
gradient ethanol, the sections were stained with 
hematoxylin for 8 min and with eosin for 2 min. 
Dehydrated in a conventional manner, the sections 
were sealed with resin and observed for the mor-
phological changes under a high-power micro-
scope [28,29].

Detection of oxidative stress-related indices

Brain tissue homogenate was prepared to test mal-
ondialdehyde (MDA) content and superoxide dis-
mutase (SOD) activity using SOD (A001-3-2) and 
MDA (A003-1-2) detection kits (NanJing JianCheng 
Bioengineering Institute) [25].

Nitric oxide (NO) determination

NO level in the supernatant was measured by the 
detection kit (Beyotime, Shanghai, China). The 
supernatant was mixed with equal amounts of 
Griess reagents I and II. Absorbance value at 
540 nm was read by Smart-Spec Plus spectrophot-
ometer (Bio-Rad, CA, USA) [25].

DiI-labeled Exo in the hippocampus

Exo were labeled with a red fluorescent dye DiI 
(Celltracker CM-DiI, Invitrogen). After that, 
HIBD rats were euthanized after 24 h of Exo 
treatment, and the hippocampal tissue was fixed 
with 4% paraformaldehyde, dehydrated with 30% 
sucrose solution, embedded in Tissue-Tek O.C.T. 
Compound (SAKURA, USA), and solidified at 

−80°C. Finally, the tissue blocks were made into 
5-μm frozen sections and observed under 
a fluorescence microscope. The number of red 
cells was counted through ImageProPlus 4.1 soft-
ware in at least 10 fields [30].

Nissl staining

Brain sections were fixed overnight with 4% par-
aformaldehyde and then dehydrated by gradient 
sucrose, and frozen sectioned into 20 μm. The 
brain sections were treated with tar violet staining 
solution, put in 70%, 80%, 95% alcohol in 
sequence, and differentiated in a special color 
separation solution (1:1:1 absolute ethanol, chloro-
form, ether). The sections were immersed in 100% 
ethanol, permeabilized with xylene, sealed with 
gum, and observed with an optical microscope 
(OLYMPUS IX71, Olympus, Japan).

Transferase-mediated deoxyuridine 
triphosphate-biotin nick end labeling (TUNEL) 
staining

The baked sections at 60°C were dewaxed in 
xylene and dehydrated with gradient ethanol in 
TUNEL kits (Roche Diagnostic Systems, Inc., 
Branching, NJ, USA). Treated with proteinase 
K for 10 min, sections were reacted with TUNEL 
solution (1 h) and with 3% H2O2 methanol 
(10 min) and peroxidase solution (30 min). To 
proceed, sections were stained by diaminobenzi-
dine and counterstained with hematoxylin, follow-
ing gradient ethanol dehydration, xylene 
permeabilization and resin sealing. The cells with 
brown nucleus are apoptosis-positive cells, and 
those with blue nucleus are normal cells, and 
their number ratio was calculated [31].

RT-qPCR

Based on Trizol method, the extracted total RNA 
from brain tissues were dissolved in RNase-free 
water and tested for concentration and purification 
by a ND-1000 ultraviolet/visible spectrophotometer 
(NanoDrop Technologies Inc., Wilmington, USA). 
Complementary DNA obtained by reverse transcrip-
tion of RNA was preserved at −20°C. Primer 
sequences were listed in Supplementary Table 1. 
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With the help of a real-time fluorescent qPCR instru-
ment (TIB-8000, Taipplex, Fuzhou, China), qPCR 
was executed. U6 and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were loading controls for 
miR-124-3p and TRAF6, whose gene expression was 
calculated by 2−ΔΔCt method[32,33].

Western blot assay

Brain tissues were homogenized and sonicated on 
ice. Obtained by centrifugation, the supernatant 
(aliquot of 20 μg/mg protein) was separated by 
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to a membrane. Next, the 
blocked membrane by 5% skim milk (pH = 7.4) 
was reacted with the primary antibodies TRAF6 
(1:1000), B cell lymphoma 2 (Bcl-2; 1:1000), Bcl-2- 
associated X(Bax; ab199677, 1:1000, Abcam) and 
GAPDH (1:5000, Proteintech) overnight, and with 
the secondary antibody for 2 h. Visualized by a 
chemiluminescence instrument (ImageQuant LAS 
4000mini, GE Healthcare, USA), gray values on 
the protein bands were measured with Image-J 
software and normalized to GAPDH [34].

Dual luciferase reporter gene assay

Bioinformatics software TargetScanHuman 7.2 
(http://www.targetscan.org/vert_72/) predicted the 
binding site of miR-124-3p and TRAF6. Wild type 
(WT)-3ʹuntranslated region containing miR-124-3p 
binding sites and its mutant fragments of TRAF6 
were cloned into psiCHECK-2 vector (Promega, 
WI, USA). HEK-293 T cells were co-transfected 
with WT/MUT reporter plasmids and miR-124-3p 
agomir or agomir-NC for 48 h by   HilyMax trans-
fection reagent (Dojindo, Kumamoto, Japan). 
Luciferase activity was tested by Dual-Luciferase 
Reporter Assay System (Promega) [35].

Statistical analysis

All data were evaluated using SPSS 21.0 (IBM, NY, 
USA) statistical software. The measurement data 
were expressed as mean ± standard deviation. 
Discrepancy between two groups was assessed by 
independent sample t test while that among multi-
ple groups by one-way analysis of variance 
(ANOVA), followed by Tukey’s multiple 

comparisons test. Given that P < 0.05, statistical 
significance was set.

Results

Identification of BMSCs and BMSCs-Exo

It has been previously reported that BMSCs-Exo 
containing miR-124-3p can reduce the nerve 
damage to spinal cord IR/I [10] and miR-124-3p 
is low in the brain tissue of rats with permanent 
focal cerebral ischemia [11]. We wondered 
whether miR-124-3p from BMSCs-Exo protects 
neonatal rats from HIBD.

BMSCs were separated and identified: Primary 
BMSCs grew rapidly and adhered largely to the 
wall. The cell morphology gradually became spin-
dle-shaped and densely arranged. BMSCs of P3 
became uniform and grew in a whirlpool (Figure 
1). After flow cytometry analysis, it was found that 
the cell surface characteristic markers CD90, CD44 
and CD29 were positive, while CD34 and CD45 
were negative (Figure 1), indicating that the 
extraction of BMSCs was successful.

Observed by TEM, the Exo were round membra-
nous vesicles (Figure 1); NTA found that the Exo 
were 40–100 nm in diameter  (Figure 1). Western 
blot assay determined that Exo expressed CD81 and 
CD9 (Figure 1).

Successful HIBD modeling in rats

miR-124-3p and TRAF6 expression in the brain 
tissues of newborn rats were tested using RT- 
qPCR and Western blot assay (Figure 2–b). It 
was witnessed that miR-124-3p expression trended 
toward a decrease while TRAF6 toward an 
increase in HIBD newborn rats.

Neurological function test and behavioral test 
on rats revealed that after HIBD modeling, the 
neurological score decreased (Figure 2) and the 
percentage of fault steps increased (Figure 2). HE 
staining observed that the brain tissue of the rats 
in the sham group was clearly structured, the 
neurons were arranged neatly, the morphology 
and structure were intact, the nucleus was intact 
without intercellular edema or inflammatory cell 
infiltration. The brain tissue of rats in the HIBD 
group showed typical ischemia-hypoxic changes, 
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Figure 1. Identification of BMSCs and BMSCs-Exo. A. Morphology of BMSCs of P3; B. Analysis of surface markers by flow cytometry; 
C. TEM observed size and morphology of BMSCs-Exo; D. NTA of BMSCs-Exo; E. Western blot analysis of CD81 and CD9.

Figure 2. Successful HIBD modeling in rats. A. RT-qPCR detection of miR-124-3p and TRAF6 mRNA expression; B. Western blot 
detection of TRAF6 protein expression; C. Neurological function score of rats after HIBD; D. Behavioral function of rats after HIBD; 
E. HE staining; F. SOD and MDA levels of rats after HIBD; G. NO levels of rats after HIBD; H. TUNEL staining; I. Nissl staining; J. Bax and 
Bcl-2 protein expression of rats after HIBD; measurement data were expressed as mean ± standard deviation; * P < 0.05 vs. the Sham 
group.
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nuclear pyknosis, loss of neuron nuclei in some 
areas, decreased number of neurons, swelling of 
neurons, and loose cytoplasm (Figure 2). The 
activity of SOD in the brain tissue of rats after 
HIBD modeling was impaired and the levels of 
MDA and NO were increased (Figure 2, g), the 
number of TUNEL-positive cells was increased, 
the number of normal neurons was decreased 
(Figure 2, i), Bcl-2 protein expression was reduced 
and Bax protein expression was increased (Figure 
2). In summary, HIBD modeling was successful.

BMSCs-Exo improve HIBD in newborn rats

DiI labeled-Exo and unlabeled-Exo were injected 
into HIBD rats to explore the distribution of Exo in 
rat brain tissue, and PBS was used as a control. The 

results showed that no red fluorescence was observed 
in the hippocampus of the rats injected with PBS or 
Unlabeled-Exo, while red fluorescence was seen in 
the hippocampal tissue of rats injected with DiI 
labeled-Exo (Figure 3). Then, the experimental out-
comes displayed that after treatment with Exo, neu-
rological function scores were increased (Figure 3), 
the percentage of foot faults was reduced (Figure 3), 
cell edema and vacuole-like changes in brain tissues 
were attenuated, and the number of neuronal degen-
eration and necrosis was reduced (Figure 3). 
Moreover, Exo heightened SOD activity, suppressed 
MDA and NO levels (Figure 3, f), as well as 
decreased the number of TUNEL-positive cells, 
increased the number of normal neurons (Figure 3, 
h), elevated Bcl-2 protein expression and suppressed 
Bax protein expression (Figure 3).

Figure 3. BMSCs-Exo improve HIBD in newborn rats. A. DiI-labeled Exo in the hippocampus of HIBD rats; B. Neurological function 
score of HIBD rats after injection with BMSCs-Exo; C. Behavioral function of HIBD rats after injection with BMSCs-Exo; D. HE staining; 
E. SOD and MDA levels of HIBD rats after injection with BMSCs-Exo; F. NO levels of HIBD rats after injection with BMSCs-Exo; 
G. TUNEL staining; H. Nissl staining; I. Bax and Bcl-2 protein expression in HIBD rats after injection with BMSCs-Exo; measurement 
data were expressed as mean ± standard deviation; * P < 0.05 vs. the HIBD group.
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Up-regulated miR-124-3p further enhances the 
protective role of BMSCs-Exo on HIBD rats

To investigate the effect of miR-124-3p on HIBD, 
Exo were extracted from BMSCs transfected by 
agomir NC and miR-124-3p agomir (Invitrogen) 
and injected into the lateral ventricle of HIBD rats. 
The success of injection was verified by RT-qPCR 
(Figure 4). Injection with Exo transmitting miR- 
124-3p agomir had greater protective effects on 
HIBD rats, as indicated by higher neurological 
function scores, reduced percentage of foot faults, 
alleviated pathological status in the brain tissue, 
and suppressed oxidative stress and neuronal 

apoptosis in comparison to injection with Exo 
transmitting agomir NC (Figure 4–i).

miR-124-3p targets TRAF6

TargetScanHuman 7.2 predicted the binding site of 
miR-124-3p and TRAF6 (Figure 5). Dual-luciferase 
reporter gene assay showed that miR-124-3p agomir 
diminished the luciferase activity of TRAF6-WT 
(Figure 5), indicating that miR-124-3p could target 
TRAF6. Outcomes of RT-qPCR and Western blot 
displayed that in Exo extracted from BMSCs trans-
fected with miR-124-3p agomir, TRAF6 mRNA and 

Figure 4. Up-regulated miR-124-3p further enhances the protective role of BMSCs-Exo on HIBD rats. A. miR-124-3p expression in 
HIBD rats after injection with Exo-miR-124-3p agomir; B. Neurological function score of HIBD rats after injection with Exo-miR-124-3p 
agomir; C. Behavioral function of HIBD rats after injection with Exo-miR-124-3p agomir; D. HE staining; E. SOD and MDA levels of 
HIBD rats after injection with Exo-miR-124-3p agomir; F. NO levels of HIBD rats after injection with Exo-miR-124-3p agomir; G. TUNEL 
staining; H. Nissl staining; I. Bax and Bcl-2 protein expression in HIBD rats after injection with Exo-miR-124-3p agomir; measurement 
data were expressed as mean ± standard deviation; * P < 0.05 vs. the Exo-agomir NC group.
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Figure 5. miR-124-3p targets TRAF6. A. Jefferson website predicted the binding site between TRAF6 and miR-124-3p; B. Dual 
luciferase reporter gene assay verified the targeting relationship between TRAF6 and miR-124-3p; C-D. RT-qPCR and Western blot 
analysis of TRAF6 expression in Exo; measurement data were expressed as mean ± standard deviation; * P < 0.05 vs. the agomir NC 
group.

Figure 6. Depressing TRAF6 exerts protectively for rats with HIBD. A-B. RT-qPCR and Western blot analysis of TRAF6 expression in 
HIBD rats after injection with si-TRAF6; C. Neurological function score of HIBD rats after injection with si-TRAF6; D. Behavioral 
function of HIBD rats after injection with si-TRAF6; E. HE staining; F. SOD and MDA levels of HIBD rats after injection with si-TRAF6; 
G. NO levels of HIBD rats after injection with si-TRAF6; H. TUNEL staining; I. Nissl staining; J. Bax and Bcl-2 protein expression in HIBD 
rats after injection with si-TRAF6; measurement data were expressed as mean ± standard deviation; * P < 0.05 vs. the si-NC group.
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protein levels were reduced in comparison to Exo 
extracted from BMSCs transfected with agomir NC 
(Figure 5, d).

Depressing TRAF6 exerts protectively for rats 
with HIBD

TRAF6 expression was successfully suppressed by 
injecting si-TRAF6 into HIBD rats (Figure 6, b). In 
response to the silencing of TRAF6, HIBD rats 
presented improved neurobehavioral functions, 
attenuated neuronal damage in the brain tissue, 
limited oxidative stress, increased number of nor-
mal neurons, and decreased number of TUNEL- 
positive neurons (Figure 6–j).

Elevating TRAF6 antagonizes miR-124-3p- 
mediated protection against HIBD in rats

The mechanism of miR-124-3p/TRAF6 in HIBD 
was further investigated by establishing Exo-miR- 
124-3p agomir + oe-NC group and Exo-miR-124- 
3p agomir + oe-TRAF6 group. It was verified that 
injection of oe-TRAF6 on the basis of Exo-miR- 
124-3p agomir injection elevated TRAF6 expres-
sion in HIBD rats (Figure 7, b). Then, it was 
recognized that the protective actions of Exo- 
miR-124-3p agomir regarding neurobehavioral 
functions, brain pathological damage, oxidative 
stress and apoptosis were all mitigated by oe- 
TRAF6 (Figure 7–j).

Figure 7. Elevating TRAF6 antagonizes miR-124-3p-mediated protection against HIBD in rats. A-B. RT-qPCR and Western blot analysis 
of TRAF6 expression in HIBD rats in rescue experiment; C. Neurological function score of HIBD rats in rescue experiment; 
D. Behavioral function of HIBD rats in rescue experiment; E. HE staining; F. SOD and MDA levels of HIBD rats in rescue experiment; 
G. NO levels of HIBD rats in rescue experiment; H. TUNEL staining; I. Nissl staining; J. Bax and Bcl-2 protein expression in HIBD rats in 
rescue experiment; measurement data were expressed as mean ± standard deviation; * P < 0.05 vs. the Exo-miR-124-3p agomir + 
oe-NC group.
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Discussion

HIBD takes over a position in the overwhelming 
cause for neonatal death and permanent neurolo-
gical disability [36]. This work was originated with 
regard to Exo transfer of miR-124-3p in HIBD 
through regulating TRAF6. Ultimately, it is deli-
neated that exosomal miR-124-3p attenuates 
HIBD in newborn rats through repressing TRAF6.

Initially, BMSCs-Exo were injected into HIBD 
rats, and the findings disclosed that BMSCs-Exo 
attenuated HIBD by improving neurological func-
tions, alleviating pathological and structural 
damages of neurons, inhibiting oxidative stress, 
depressing neuronal apoptosis and increasing the 
number of normal neurons. Conspicuously, 
human MSCs-Exo could down-regulate TRAF6 
and have potential therapeutics in the treatment of 
I/RI [37]. Also, treatment with MSCs-Exo is effec-
tive in improving motor, learning and memory abil-
ities in acute brain injury [38]. Intriguingly, 
umbilical cord stem cells-derived Exo have been 
proved to induce learning ability and functional 
recovery in perinatal brain injury [39]. Actually, 
Liu X et al. have implied that induction of BMSCs- 
Exo could repress inflammation and pyroptosis fol-
lowing cerebral IR/I [40]. On the other hand, MSCs- 
derived extracellular vesicles have been implicated 
in relieving fetal brain after hypoxia-ischemia [7], 
and administration with BMSCs-Exo generates the 
promoting effects on functional recovery and neu-
roprotection in rats with ischemic Stroke [41].

Critically, miR-124-3p expression was analyzed to 
be down-regulated in HIBD rats. For 
a comprehensive understanding of miR-124-3p- 
oriented mechanism in HIBD, Exo-transmitted 
miR-124-3p agomir was injected into HIBD rats, 
eventually promoting the protective actions of Exo 
in rats. A supportive research has elaborated that 
overexpressed miR-124-3p delivered by BMSCs- 
Exo could suppress apoptosis and nerve injury in 
spinal cord IR/I [10]. According to a former experi-
ment, miR-124-3p expression is inhibited in the 
ischemic penumbra after permanent middle cerebral 
artery occlusion, and miR-124-3p agomir-induced 
miR-124-3p overexpression could narrow brain 
infarction [11]. Experimentally, restoring miR-124- 
3p could mitigate hypoxia/re-oxygenation (H/R)- 
induced apoptosis of cardiomyocytes [42]. Notably, 

miR-124-3p expression is suppressed in H/R-treated 
HK-2 cells, and inhibition of miR-124-3p results in 
impaired cell viability, as well as enhanced oxidative 
stress [12]. Evidenced by the current work, miR-124- 
3p overexpression could re-activate the viability and 
weaken the apoptosis of H/R-treated renal cells [43]. 
Experimentally, miR-124-3p is lowly expressed after 
traumatic brain injury [44], but overexpressed miR- 
124-3p transmitted by microglial Exo improves cog-
nitive dysfunction induced by repetitive mild trau-
matic brain injury [45].

To proceed, our findings suggested that miR- 
124-3p targeted and inhibited TRAF6 expression. 
Further analysis of TRAF6 in HIBD manifested 
that TRAF6 was up-regulated in HIBD newborn 
rats and its knockdown protected rats from 
HIBD. In fact, the targeting relation between 
miR-124-3p and TRAF6 has been validated pre-
viously [13]. It is recorded that TRAF6 expression 
is impaired in HIBD, specifically in newborn 
male mice [15]. Similarly, heightened TRAF6 
expression is stimulated by cerebral I/R and its 
down-regulation decreases neurological deficit 
scores and blocks oxidative stress and neuronal 
apoptosis [16]. Referring to a paper by Yujue 
Wang et al., inhibiting TRAF6 can ameliorate 
cerebral I/R injury and reduce inflammation 
response [46]. Supplementary to this work, there 
is another research having revealing that repres-
sion of TRAF6 in part restrains brain damage and 
inflammation in cerebral ischemia injury [47].

Conclusion

Jointly, it is conspicuous that miR-124-3p is down- 
regulated in newborn rats with HIBD, and up- 
regulated exosomal miR-124-3p protects against 
HIBD in newborn rats by suppressing TRAF6, 
which replenishes a novel target for managing 
HIBD in infants. Restricted by the relatively 
small experimental scale, the results obtained are 
supposed to be validated in a large cohort.
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