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Abstract

The level of microRNA-9-5p (miRNA-9-5p) in brain tissues is significantly changed
after traumatic brain injury (TBI). However, the effect of miRNA-9-5p for brain func-
tion in TBI has not been elucidated. In this study, a controlled cortical impact model
was used to induce TBI in Sprague-Dawley rats, and an oxygen glucose depriva-
tion model was used to mimic the pathological state in vitro. Brain microvascular
endothelial cells (BMECs) and astrocytes were extracted from immature Sprague-
Dawley rats and cocultured to reconstruct blood-brain barrier (BBB) in vitro. The
results show that the level of miRNA-9-5p was significantly increased in brain tissues
after TBI, and up-regulation of miRNA9-5p contributed to the recovery of neurologi-
cal function. Up-regulation of miRNA-9-5p with miRNA agomir may significantly al-
leviate apoptosis, neuroinflammation, and BBB damage in rats after TBI. Moreover,
a dual luciferase reporter assay confirmed that miRNA-9-5p is a post-transcriptional
modulator of Ptch-1. In in vitro experiments, the results confirmed that up-regula-
tion of miRNA-9-5p with miRNA mimic alleviates cellular apoptosis, inflammatory
response, and BBB damage mainly by inhibiting Ptch-1. In addition, we found that the
activation of Hedgehog pathway was accompanied by inhibition of NF-kB/MMP-9
pathway in the BMECs treated with miRNA-9-5p mimic. Taken together, these results
indicate that up-regulation of miRNA-9-5p alleviates BBB damage and neuroinflam-
matory responses by activating the Hedgehog pathway and inhibiting NF-xB/MMP-9

pathway, which promotes the recovery of neurological function after TBI.
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1 | INTRODUCTION

Traumatic brain injury (TBI) refers to craniocerebral injury caused by
blunt, penetrating, accelerating, or decelerating force, which mani-
fests as memory loss, unconsciousness, or even death (Ng & Lee,
2019). Worldwide, nearly 300 per 100,000 people suffer a TBI each
year. According to the pathological process, TBI can be divided into
two stages: the primary injury which is caused by external force,
and the secondary injury which is caused by a series of pathophysio-
logical changes in neurochemistry, metabolism, cells, and molecules
(Amorini et al., 2016; Di Pietro et al., 2013). The secondary brain
injury mainly includes excessive inflammatory response and blood-
brain barrier (BBB) breakdown (Liu et al., 2019). Following TBI,
microglia were activated and released a large number of inflamma-
tory factors including IL-1, IL-6, and TNF-«, which can destroy the
blood-brain barrier and induce cellular apoptosis (Chen, Zhu, Hang,
& Wang, 2019). The BBB is mainly composed of brain microvascular
endothelial cells (BMECs), astrocytes, and basal membrane, which
is the basic structural barrier to maintain normal brain function (Xu,
Nirwane, & Yao, 2019). Brain edema caused by BBB damage is one
of the main reasons for poor prognosis after TBI (Jha, Kochanek, &
Simard, 2019). However, the specific mechanism of neuroinflamma-
tion and BBB damage in TBI have not been fully elucidated.

Recently, more and more studies report that non-transcrip-
tion factors play an important role in TBI (Chandran, Mehta, &
Vemuganti, 2017). MicroRNAs (miRNAs) are short (19-28 nucleo-
tides), endogenous, non-coding RNAs which act at the post-tran-
scriptional level to regulate protein synthesis (Churov, Summerhill,
Grechko, Orekhova, & Orekhov, 2019). Numerous studies have
confirmed that the level of miRNAs is changed after TBI, and
various miRNAs are involved in cellular apoptosis, BBB damage,
and neuroinflammatory response. For example, the level of miR-
NA-21-5pisincreased after TBI, and up-regulation of miRNA-21-5p
improves neurological function by alleviating BBB damage and
neuroinflammatory response (Ge et al., 2016). Phosphatase and
tensin homolog (PTEN), a well-known regulator of the AKT/mTOR
pathway, was found to be a direct target of miRNA-23a-3p. A re-
cent study found that the level of miRNA-23a-3p was decreased
after TBI and up-regulation of miRNA-23a-3p inhibited corti-
cal neuron apoptosis and improved the neural function (Li et al.,
2020). MiRNA-9 is highly expressed in the central nervous system
and plays an important role in the differentiation of neural stem
cells (Hu et al., 2014; Topol et al., 2016). Some studies have re-
ported that the level of miRNA-9 was significantly changed after
brain injury (Lei, Li, Chen, Yang, & Zhang, 2009). Up-regulation of
miRNA-9 inhibited neural apoptosis in rats after stroke (Chen et
al., 2017; Nampoothiri & Rajanikant, 2019) and promoted synaptic
remodeling in Alzheimer’s disease (Zhao, Pogue, & Lukiw ,2015).
However, the effect of mMiRNA-9 on TBI remains unclear.

In this study, we established the controlled cortical impact (CCl)
model in rats and cultured BMECs and astrocytes in vitro to inves-
tigate the effect of miRNA-9-5p on cellular apoptosis, BBB damage,

and inflammatory response after TBI.
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2 | MATERIALS AND METHODS
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2.1 | Animals

This study was not pre-registered. All the animal procedures were
approved by the Commission of Chongging Medical University for
the Ethics of Experiments on Animals and were in accordance with
international standards. Animal care and killing was conducted
according to the methods approved by the Chongging Medical
University Animal Experimentation Committee (Permit Number:
20141011). The adult male (aged approximately 16 weeks,
weighing 250-300 g) and neonatal Sprague-Dawley rats (RRID:
RGD_1566457) were purchased from the Experimental Animal
Center of Chongging Medical University (Chongging, China). The
adult rats were raised in temperature-controlled room (22 + 2°C)
with the 12 hr light/12 hr dark cycle and were free to get food and
water. Animals were identified by earmark numbers. Microsoft
Excel 365 (Microsoft Corporation) was used to generate a table of
random numbers that were assigned to each rat for simple random
grouping. For example, 32 rats in experiment 2 were numbered 1
to 32, and 32 random numbers between 0 and 1 were generated
using the RAND () command in EXCEL. Random numbers were
sorted from small to large and assigned to groups of eight in turn.
The rats in other experiments were randomly grouped using the
above method.

2.2 | Experimental design

This study was mainly divided into the following six experiments
(Figure 1). A total of 205 adult and 10 juvenile Sprague-Dawley
rats were involved in this study. A total of 27 rats which died
within 24 hr post-CCl were excluded. Detailed information about
animal distribution and usage is listed in Table 1. The alpha level
was set to 0.05.

2.2.1 | Experiment 1

First, 37 rats were randomized into two groups: sham (n = 5) and
control cortex injury (CCl) (n = 32) which including CCI-1 day (n = 8),
CCI-3 day (n = 8), CCI-7 day (n = 8), and CCI-14 hr (n = 8). The time
course of miRNA-9-5p expression was determined by gRT-PCR
(Figure 1a).

Second, 64 rats were equally randomized by the method de-
scribed above into two groups with agomir and antagomir: CCl + ago-
mir-1 day (n = 8) and CCl + antagomir-1 day (n = 8), CCl + agomir-3 day
(n = 8) and CCI + antagomir-3 day (n = 8), CCl + agomir-7 day (n = 8)
and CCI + antagomir-7 day (n = 8), and CCl + agomir-14 day (n = 8)
and CCl + antagomir-14 day (n = 8). The time course of miRNA-9-5p
expression in both groups was also detected by qRT-PCR.

At last, 16 rats were dead and excluded in this step. Five rats were

randomly selected and included in each group for this experiment.
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Experimental 1: miRNA-9-5p detection

Group (n=101)

Intracerebroventricular injection 5 nM

1.Sham(n = 5) miRNA oligomers (15 min after CCI)

2.CCl(n = 8x4)
3.CCl+agomir(n = 8x4)
4.CCl+antagomir(n = 8x4)

$ PCR

1day 3day 7day 14day
16 Rats dead in 24 hours were excluded

i./'f I

(b) . :
Experimental 2: Behavioral assessment

Group (n=32)

Intracerebroventricular injection 5 nM

1.Sham(n = 8) miRNA oligomers (15 min after CCI)

2.CCI(n=8) ” 1
3.CCl+agomir(n = 8) 1 1 1 t 1

" ccl
4.CCl+antagomir(n = 8) 1day 3day 7day 14day

6 Rats dead in 24 hours were excluded

mNSS

v
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Experimental 3: BBB assessment in vivo
Group (n=72)

1.Sham(n = 6x3) Intracerebroventricular injection 5 nM

miRNA oligomers (15 min after CCI) r—Brain water content
2.CCl(n = 6x3
( ) s ! $| Evans blue permeability
3.CCl+agomir(n = 6x3) | 1 1
4.CCl+antagomir(n = 6x3) ool 1day 3day ‘—ELISA/Western blot

5 Rats dead in 24 hours were excluded

d L
o Experimental 4: Target gene validation
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1.Control (n = 4)
BMECs or HEK293T <|:

(Brom Srets) 2 miRNA-mimic (n = 4)

—Western blot (BMECs)
i 1 | Immunofi 1ce (BMECs)
0oGD sy L_Dual luciferase reporter assay (HEK293T)
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Experimental 5: BBB assessment in vitro

Group

BMECs 1.Control (n = 4)
2.0GD (n = 4)
}BBB 3.0GD+mimic(n = 4)
Astiooyles 4.0GD+mimic+pcDNA (n = 4)
(Fromsi)

—Western blot /ELISA
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Experimental 6: Mechanism of miRNA-9-5p on BMECs

Group

1.Control (n = 4)

2.miRNA-mimic (n = 4)
3.miRNA-mimic+GANT61 (n = 4)
4.Control (n = 4)

5.miRNA-mimic (n = 4) ]»OGD
6.miRNA-mimic+GANT61 (n = 4)

BMECs

2 $ Western blot
1 t
0GD

1day

FIGURE 1 Schematic of the experimental design. (a) miRNA-9-
5p detection in rats. (b) Behavioral assessment. (c) BBB assessment
in vivo. (d) Target gene validation. (€) BBB assessment in vitro. (f)
mechanism of miRNA-9-5p on BMECs. BBB: blood-brain barrier;
BMECs: Brain microvascular endothelial cells; CCl: control cortex
injury; ELISA: enzyme-linked immunosorbent assay; mNSS: modified
neurological severity score; OGD: oxygen glucose deprivation;

PCR: polymerase chain reaction. (n: number of rats in each group or
number of independent cell culture preparations in each group;)

2.2.2 | Experiment 2

The neurological function was evaluated by modified neurologi-
cal severity score at different time point after brain injury. In total,
32 rats were separated randomly into four groups: sham (n = 8),
CCl(n=8), CCl +agomir(n =8),and CCl + antagomir (n = 8) (Figure 1b).
At last, six rats were dead and excluded in this step. Five rats were
randomly selected and included in each group for this experiment.

2.2.3 | Experiment3

First, 24 rats were separated randomly into four groups: sham (n = 6),
CClI (n = 6), CCI + agomir (n = 6), and CCl + antagomir (n = 6). The
changing of brain water content was evaluated by dry-wet weight
method in different groups at day 3 after injury (Figure 1c).

Second, 24 rats were separated randomly into four groups: sham
(n = 6), CCl (n = 6), CCl + agomir (n = 6), and CCl + antagomir (n = 6).
The evans blue permeability was evaluated by detecting evans blue
content at day 3 in the injured cerebral hemisphere.

The integrity of BBB in vivo was evaluated by detecting brain
water content and evans blue permeability in rats after brain injury.

Third, 24 rats were separated randomly into four groups: sham
(n = 6), CClI (n = 6), CCl + agomir (n = 6), and CCl + antagomir (n = 6).
The western blot and enzyme-linked immunsorbent assay (ELISA)
were performed at day 3 after CCl.

At last, 5 rats were dead and excluded in this step. Five rats were

randomly selected and included in each group for this experiment.

2.2.4 | Experiment4

Brain microvascular endothelial cells (BMECs) were extracted from
five 1-week-old rats and the cells were divided into two groups: con-
trol (n = 4) and mimic (n = 4), which was treated with vehicle and
miRNA-9-5p mimic for 24 hr, respectively. The expression of Ptch-1
and glioma-associated oncogene homolog 1 (Gli-1) was detecting by
western blot and immunofluorescence in both groups (Figure 1d).

2.2.5 | Experiment5

Astrocytes were extracted from five 1-day-old rats. The blood-brain
barrier (BBB) model in vitro, which was reconstructed by BMECs and
astrocytes, was divided into four groups: control (n = 4), oxygen-glucose
deprivation (OGD), OGD + mimic (n = 4), and OGD + mimic+pcDNA
(n = 4). The integrity of BBB in vitro was evaluated by calculating the
number of tight junction structure and detecting transendothelial elec-
trical resistance (TEER) values, y-GT activity, evans blue, and HRP per-
meability. The effect of miRNA-9-5p on apoptosis and inflammation in
vitro was evaluated by western blot and ELISA in BMECs or cell medium

(Figure 1e).



WU ET AL

Journal of

TABLE 1 Animal allocation and usage

Experiments Groups
Sham 5 -
CCl 8x4 -

Experiment 1

CCI + antagomir
CCl + agomir

Sham =
CCl =

Experiment 2

CCI + antagomir -

o 0 © o

CCl + agomir -
Sham - -
CCl - -

Experiment 3

CCI + antagomir - -
CCl + agomir - -
BMEC/Astrocyte - -
Adult: 205 101 32

Experiment 4-6
Total number

immature:10 - -

24 24

Neurochemistry

Cell

culture Death Mortality

o

0
12.5%
18.75%
18.75%

25%
37.5%
12.5%

5.56%
11.11%
11.11%

|
|
I
|
N N P O B W N O 08 & >

o o0 O O
o o0 O O

6
6
6
6

- - _ 10 - -
24 - 27 13.17%
- - _ 10 _ -

Note: Detailed information about animal allocation and usage in this study. Although compared with the rats which suffered control cortex impact,
the mortality number in each subexperiment and overall mortality number were higher in CCl + antagomir group, no significant difference was

achieved.

Abbreviations: CCl, control cortex impact; WB, western blot; BWC, brain water content; EB, Evans Blue; BMEC, brain microvascular endothelial cell.

2.2.6 | Experiment 6

The BMECs were separated into six groups: CON (control) (n = 4),
MIC (mimic)(n = 4), MIC + GAN (GANTé1) (h = 4), OGD (n = 4),
OGD + MIC (n = 4), and OGD + MIC+GAN (n = 4). The mechanism
of miRNA-9-5p on BMECs was detected by western blot (Figure 1f).

After the experiment, we analyzed the obtained gene expres-
sion data to confirm this assumption, evaluating whether the agreed
upon sample size was sufficient to reach a power level above 0.95
and a significance level below 0.05. To estimate statistical power,
we employed the post hoc (a posteriori) analysis of G*Power 3.1 to
calculate Cohen's effect size f from the group size, the mean values
for each group, and the average standard deviance (Faul, Erdfelder,
Lang, & Buchne, 2007). We employed the F test: fixed-effects one-
way ANOVA routine of G-power software to calculate the Cohen's
effect size f from the data about group size, number of groups, mean
value for each group, and average standard deviation. Parameters em-
ployed were as follows: number of groups = 4, sample size = 5/group,
significance level = 0.05, estimated effect size = Cohen's f. Using
these data, we estimated an effect size of f = 4.38 and a power = 0.99
for miRNA-9-5p expression data and an effect size of f = 1.73 and a
power = 0.99 for the mNSS data.

2.3 | Controlled cortical impact model and
intracerebroventricular injection

The controlled cortical impact (CCl) model was applied to stim-

ulate moderate TBI (Cao et al., 2016) by using the controlled

impactor device (TBI-0310 TBI Model System; Precision Systems
and Instrumentation, Chongging, China) in rats. All rats were an-
esthetized by intraperitoneal injection 10% chloral hydrate (3ml/
kg) (Sigma-Aldrich, Cat# 47335-U) and sufentanil (50 ug/kg)
(Sigma-Aldrich, Cat#5-008-1Ml) and maintained at 36-37°C. The
chloral hydrate was mainly used to anesthesia for rats, which has
no analgesic effect. So, the sufentanil which is a powerful anal-
gesic was used to assist anesthesia. The impact parameters were
set as velocity 3.5 m/s, depth 2.5 mm, and dwell time 200 ms.
The thrombin (500 units/ml) (Solarbio, Beijing, China, Cat#T78021)
was locally perfused into the wound to stop bleeding. After the
operation, the bone window was closed with bone wax (Johnson
& Johnson, USA, Cat#W810T) and the wound was sutured. The
rats in the sham group underwent the same surgical procedure
excluding controlled cortical impact. Brian tissues were collected
from the impacted area with a diameter of 8 mm for subsequent
testing.

MiRNA-9-5p agomir (or inhibitor) (RiboBio) was diluted to 5 nM
(5 pl) according to the manufacturer's instructions. The Hamilton
brain infusion syringe was stereotaxically injected into the contra-
lateral ventricle through a bone hole (Ge et al., 2014) (coordinates:
1.5 mm caudal to the bregma; 1.1 mm lateral to the midline; 4.5 mm
deep from the surface of skull) at 15min post-CCl. The mixture of
oligomers (5 pl) was continuously injected into the contralateral ven-
tricle within 5 min and the needle was withdrawn within 3 min after
infusion. The speed of insertion and withdrawn was controlled at
1.5 mm/min.

Some measures were taken to reduce suffering for rats post-CCl.
The ibuprofen (50 mg/kg) (Solarbio, Beijing, China, Cat# 18430) was
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taken orally for 3 days to alleviate pain and penicillin sodium (15 mg/

Neurochemistry

kg) (Solarbio, Beijing, China, Cat#C8250) was injected intraperitone-
ally once a day for 7 days to avoid infection. All rats were returned to

the cage with free access to food and water.

2.4 | Modified neurological severity score

The modified neurological severity score (mNSS), which includes
motor, sensory, reflex, and balance tests, was used to evaluate the
effect of miRNA oligomers on TBI as previously reported (Ge et al.,
2014). The data of mNSS were examined and corrected from rats
before suffering CCl and the time point of 1, 3, 7 and 14 days post-
CCI. All data were analyzed by a person who was blinded to animal

group assignment to avoid any bias from observers.

2.5 | Cell culture

In the cell extraction experiment, isoflurane was used to anesthetize
the juvenile rats. According to a previous study, isoflurane can allevi-
ate inflammatory response in many diseases (An, 2019; Lian, Fang,
Zhou, Jiang, & Xie, 2019). Therefore, we thought it can promote the
survival of primary cells after extraction.

Brain microvascular endothelial cells (BMECs) were extracted
from five 1-week-old rats as we previously described (Tian et al.,,
2016). The rats were anesthetized by inhalation of 4% isoflurane
for 2 min (Sigma-Aldrich, Cat# 792632). The brain was collected
and grey matter was separated into 1 mm® pieces which were
minced and digested with 0.1% collagenase type-2 (Thermo Fisher
Scientific, Cat# 17101015) and DNase | (Thermo Fisher Scientific,
Cat# 18047019) (39 U/mL) at 37°C for 30 min and the mixtures
were centrifuged with 50 g for 8 min. Then, the precipitates were
collected, resuspended with 20% bovine serum albumin (Sigma-
Aldrich, Cat# SRE0096), and centrifuged at 200 g for 10 min again.
The re-precipitates were digested with collagenase/dispase (1 mg/
ml) (Sigma-Aldrich, Cat# 10269638001) and DNase | (39 U/mL)
at 37°C for 30 min, and the mixtures were centrifuged at 50 g for
8 min again. All the cell clusters were maintained in Dulbecco's
Modified Eagle's Medium Nutrient Mixture F-12 (DMEM/F12)
(Gibco, Cat# 11330057) with 15% Fetal Bovine Serum (FBS) (Gibco,
Cat# 10099141). The cell culture plate was placed in the incubator
at 37°C with 5% carbon dioxide and the medium was changed every
3 days.

Astrocytes were extracted from brain cortex from five 1-day-
old rats as we previously described (Tian et al., 2016). The rats
were also anesthetized with inhalation of 4% isoflurane for 2 min.
The grey matter was minced and digested analogous to the pro-
cessing of BMECs. After centrifugation, the precipitates were
resuspended in DMEM/F12 medium with 10% FBS and 1% gluta-
mine (2 mM) (Thermo Fisher Scientific, Cat# 21051024). When the
rate of cell fusion reached 80%, the cells were shaken at 250 rpm

for 18 hr to purify for astrocytes. The astrocytes were maintained

in DMEM/F12 with 10% FBS and placed in the incubator at 37°C
with 5% carbon dioxide, and the medium was changed every
3 days.

2.6 | Reconstructed blood-brain barrier in vitro

The blood-brain barrier is mainly composed of astrocytes and
BMECs (Greenberg & Jin, 2005). The reconstruction procession
(Figure 6a) for BBB in vitro as we previously reported (Tian et al.,
2016). Astrocytes (5 x 10° cells/cm?) were plated on the exterior of
poly-L-lysine-coated inserts (polyethylene terephthalate membrane,
1.0 um, Millipore, Germany) and cultured at 37°C with 5% carbon di-
oxide for 5 hr. Then, the inserts were placed into matching wells and
cultured for 24 hr. Next, BMECs (5.0 x 10° cells/cm?) were plated on
the inner side of the insert membrane coated with Matrigel matrix
(BD, Cat# 354234). BMECs and astrocytes were cocultured for 72 hr
to establish the BBB in vitro.

2.7 | Oxygen-glucose deprivation

The oxygen-glucose deprivation (OGD) model was established to
stimulate the injured state in vivo (Tian et al., 2016; Zhong et al.,
2017). We constructed the BBB in vitro and replaced the cell me-
dium with glucose-free medium (Gibco, Cat# 11966025) without
serum. Then, the plate was transferred into the incubator and culti-
vated with 94% N,, 5% CO,, and 1% O, at 37°C for 6 hr. The BMECs
in the BBB model and the medium in the plate were collected for

testing.

2.8 | Mimic and inhibitor transfection in vitro

The concentration of miRNA-9-5p mimic (or inhibitor) (RiboBio)
in the cell culture medium was 50 nM (or 100 nM). The specific
method was according to the instruction: 2.5 pL stock solutions
of the miRNA mimic or inhibitor were diluted and gently blended
with 50 pL RiboFect” CP buffer (RiboBio, Guangzhou, China) after
the diluent was incubated at 25°C for 5 min. Five pL RiboFect™ CP
reagent was added to the diluent, and the mixture was incubated at
25°Cfor 15 min. Then, the 7.5 pL mixture was blended with 442.5 uL
cell culture medium, and the transfection of mimic or inhibitor was
performed at 37°C for 24 hr.

2.9 | Plasmid and siRNA transfection in vitro

We used plasmid and siRNA to regulate the expression of Ptch-1 in
BMECs. Transfection of plasmid (pcDNA3.1-Ptch1) (GenePharma) or
siRNA (siRNA-Ptch1) (GenePharma) began when the fusion rate of
BMECs reached 80% on 24-well cell culture plate according to the
manufacturer's instructions.



WU ET AL

Journal of

For the transfection of plasmids, 2 pg plasmid was dissolved in
200 pL (50 pL/well x 4well) DMEM/F12 without serum in 1.5 ml
tube and 1.6 pl Lipofectamin 2000 was diluted with 200 pL (50 pL/
well x 4well) DMEM/F12 without serum in another tube. Both the
mixtures were incubated at 25 °C for 5 min and then were mixed
gently. The final mixtures were also incubated at 25°C for 20 min.
pcDNA/lipofectamine mixtures of 100 pL and 900 pL medium
without serum were added to each well. For siRNA-Ptch1, 20 pmol
(0.8 g) siRNA was dissolved in 50 pL DMEM/F12 serum-free me-
dium, and 1 pL lipofectamin 2000 was also diluted with 50 pL
DMEM/F12 without serum. Both the mixtures were incubated at
25°C for 5 min. Then, the diluted siRNA was mixed with RNAi-Mate
reagent and gently mixed. A total volume of 100 pL mixtures were
incubated at 25°C for 20 min to form the siRNA/lipofectamine
compound. siRNA/lipofectamine compounds of 100 pL were
added to 24-well cell culture plate containing BMECs and medium.
The BMECs were incubated in 5% CO2 in an incubator at 37°C for
24 hr and then collected for further study.

2.10 | Drug treatment

In this study, 0.1 pM GANTé61 (Selleck, Cat# S8075), which is an
inhibitor of Gli (Lauth, Bergstrom, Shimokawa, & Toftgard, 2007),
was used to inhibit the Hedgehog pathway. The drug was dissolved
in cell culture medium with 0.1% dimethyl sulfoxide (Sigma-Aldrich,
Cat# D2650). The BMECs were randomly separated into three
groups: (1) the untreated control group, which was incubated with
cell medium; (2) the mimic group, which was incubated with 50 nM
miRNA-9-5p mimic; and (3) the M + G group, which was incubated
with 50 nM miRNA-9-5p mimic and 0.1 pM GANTé61. All groups
were incubated in both normal and OGD state for 24 hr before
testing.

In addition, 200nM SC75741 (Selleck, Cat# S7273) was also used
to inhibit the activation of NF-kB in BMECs (Zhong et al., 2020). The
BMECs were randomly separated into four groups: (1) the untreated
control group; (2) the mimic group, which was incubated with 50 nM
miRNA-9-5p mimic; (3) the inhibitor group, which was incubated
with 100 nM miRNA-9-5p inhibitor; and (4) the inhibitor + SC group,
which was incubated with 100 nM miRNA-9-5p inhibitor and 200 nM
SC75741. All cells were incubated at 37°C with 5% carbon dioxide for
24 hr before testing.

2.11 | The BBB integrity assessment in vivo

BBB integrity in vivo was evaluated by measuring the change in brain
water content and evans blue content in the injured cerebral hemi-
sphere (Cao et al., 2016; Si et al., 2014). The brain water content was
measured by the dry-wet weight method. The rats were killed with-
out perfusion at 3 days after TBI. The brain was divided into the left
and right hemispheres, and the olfactory bulb and cerebellum were

removed. The injured hemispheres were weighed and then placed

INCiz== A @l LEy-L7

in the oven at 100°C. After 48h, the dried brains were removed

and weighed again. The brain water content was calculated as (wet
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weight - dry weight)/wet weight x 100%.

The optical density (OD) of evans blue (OD/g) in brain tissue
could also reflect the BBB integrity. 2% Evans blue solution (Sigma-
Aldrich, Cat# E2129) was injected via the tail vein with 50 ug/g. The
rats were anesthetized and perfused from the left heart ventricle
with PBS (Sigma-Aldrich, Cat# P7059) at 3 hr after injection. The
injured hemispheres were ground with PBS and 60% trichloroace-
tic acid (Sigma-Aldrich, Cat# 8223420250). Then, the mixture was
blended and centrifuged at 18,000 g, 4°C for 10 min. The superna-
tant absorbance was detected at 620 nm using microplate reader
(Berthold, Cat#LB940).

2.12 | The BBB integrity assessment in vitro

Transendothelial electrical resistance (TEER) values, y-GT activity,
the permeability of HRP, and Evans blue were detected to evalu-
ate the integrity of BBB in vitro as we previously reported (Tian et
al., 2016). TEER values were obtained using the epithelial-volt-ohm
resistance meter (Millipore, Cat# ERS-2), and the resistance value
(5Q x cm?) of empty filter was subtracted from each measurement.
For the assessment of y-GT activity, BMECs were scraped from the
insert membrane, suspended in PBS, and centrifuged. The precipi-
tates were dissociated with 1% Triton X-100 and centrifuged again.
The y-GT activity in the supernatant was determined with a y-GT
kit (Jiancheng Company, Cat# C017-2). For the HRP test, the upper
insert was filled with fresh medium containing 50 pg/mL HRP (Sigma-
Aldrich, Cat# P8375). After incubation for 2 hr, O-phenylenediamine
was added to each group, and the reaction was terminated by add-
ing 50 pL H,SO,. The absorbance was determined using microplate
reader. For the Evans blue test, the culture medium in the upper
insert was replaced with 200 uL DMEM-F12 medium containing
165 pg/mL Evans Blue and 0.1% bovine serum albumin. After 20 min,
the samples were removed from the plates and transferred to 96-
well plates, and the absorbance was also determined with microplate
reader.

2.13 | The prediction of target gene and dual
luciferase reporter assay

The database of TargetScan (RRID:SCR_010845), PicTar
(RRID:SCR_00334), and miRbase (RRID:SCR_003152) was used to
predict the candidate target gene of miRNA-9-5p. The HEK293T
cells (1 x 10°) (ATCC Cat# CRL-3216, RRID: CVCL_0063), a cell
line which is not listed as a commonly misidentified cell line by the
International Cell Line Authentication Committee, were cultured
in 24-well plates and a maximum of eight cell passages was used.
Then, all the cells were transfected with Ptch1-3'UTR wild-type
(wt) or Ptch1-3'-untranslated region (UTR) mutant (mt). The miRNA-
9-5p mimic or miRNA-9-5p-NC was transfected in HEK293 cells by
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Lipofectamine” 2000 (GenePharma, Cat# 11668). The luciferase ac-
tivity was measured with the Dual Luciferase Reporter Assay System
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(Promega) at 24 hr after transfection. The results were normalized to
Renilla activity. All experimental steps were performed according to

the manufacturer's instruction.

2.14 | RNA isolation and real-time quantitative PCR

Total RNA was extracted from the injured brain tissue by using the
TRIzol reagent (Thermo Fisher Scientific Cat# 15596018) accord-
ing to the manufacturer's instruction. Total RNA concentration
was tested using the Nanodrop spectrophotometer (Nanodrop
2000, Thermo Fisher Scientific) and RNA integrity was assessed
through gel electrophoresis. The total RNA was reverse tran-
scribed to determine the expression of miRNA-9-5p, and the cDNA
was mixed with specific Bulge-Loop” miRNA Primer (Ribobio) and
miDETECT A Track miRNA gRT-PCR Starter Kit (Ribobio). The
level of U6 RNA was used as an endogenous control for normali-
zation. Quantitative real-time PCR was performed using the ABI
PRISM 7500 Real-Time PCR instrument (Applied Biosystems). All
the steps were performed according to the manufacturer's in-
struction. The relative changes in miRNA were measured using the
comparative threshold cycle (Ct) method and 2722 as previously
described (Zhong et al., 2017).

2.15 | Western blot analysis

There were five independent tissue samples and fourindependent
cell culture preparations in each group, which were homogenized
with RIPA lysis buffer (Beyotime, China) containing protease and
phosphatase inhibitors. The debris was eliminated by centrifu-
gation with 7200 g at 4°C for 15 min. The protein levels in the
supernate were quantified by using the bicinchoninic acid (BCA)
protein assay kit (Beyotime). Then, the supernate was mixed with
5X sodium dodecyl sulfate (SDS) loading buffer (Beyotime) and
boiled at 100°C for 5 min. The Western blot test was performed
as we previously described (He et al., 2018; Zhong et al., 2017).
The primary antibodies included rabbit anti-Ptch-1 (1:1,000,
Abcam Cat# ab53715, RRID:AB_882208), mouse anti-Gli-1
(1:1,000, Proteintech Cat# 66905-1-1g), rabbit anti-AKT (1:1,000,
Cell Signaling Technology Cat# 4,691, RRID:AB_915783), rab-
bit anti-Phospho-AKT (1:1,000, Cell Signaling Technology Cat#
86758, RRID:AB_2800089), rabbit anti-GSK3p (1:1,000, Cell
Signaling Technology Cat# 12456, RRID:AB_2636978), rab-
bit anti-Phospho-GSK3p (1:1,000, Cell Signaling Technology
Cat# 5558, RRID:AB_10013750), rabbit anti-ZO-1 (1:1,000,
Proteintech Cat# 21773-1-AP), rabbit anti-Occludin (1:1,000,
Proteintech Cat# 27260-1-AP), mouse anti-Claudin-5 (1:1,000,
Thermo Fisher Scientific Cat# 35-2500, RRID:AB_2533200),
rabbit anti-NF-xB p65 (1:1,000, Cell Signaling Technology Cat#
8,242, RRID:AB_10859369), rabbit anti-MMP-9 (1:1,000, Cell

Signaling Technology Cat# 27,647, RRID:AB_2798945), rab-
bit anti-Bcl-2 (1:1,000, Proteintech Cat# 50599-2-lg), rabbit
anti-Bax (1:1,000, Proteintech Cat# 50599-2-lg), rabbit anti-
Cleaved Caspase-3 (1:1,000, Proteintech Cat# 19677-1-AP), and
rabbit anti-GAPDH (1:1,000, Proteintech Cat# 10494-1-AP).
Horseradish peroxidase-conjugated goat anti-rabbit (1:3,000,
Proteintech Cat# SA0O0001-15) or goat anti-mouse IgG (1:3,000,
Proteintech Cat# SA00001-1) was used as the secondary anti-
body. The expression of glycerinaldehyde-3-phosphate-dehydro-
genase was used as the endogenous control. The immunoreactive
bands were visualized by using the enhanced chemiluminescence
(ECL) kit (Bio-Rad, Shanghai, China), and the density of the band
was quantified and analyzed using the Fusion-FX7 system (Vilber
Lourmat, France).

2.16 | Immunofluorescence staining

The tight junction structure in vitro was tested by immunofluo-
rescence (DeStefano, Xu, Williams, Yimam, & Searson, 2017;
Katt, Linville, Mayo, Xu, & Searson, 2018). The primary anti-
body was goat anti-ZO-1 (1:500, Abcam Cat# ab190085), rab-
bit anti-occludin (1:500, Thermo Fisher Scientific Cat# 33-1500,
RRID:AB_2533101), and mouse anti-claudin-5 (1:500, Thermo
Fisher Scientific Cat# 35-2500, RRID:AB_2533200). The sec-
ondary antibody was donkey anti-goat Alexa Fluor® 555 (1:100,
Thermo Fisher Scientific Cat# A32816, RRID:AB_2762839), don-
key anti-rabbit Alexa Fluor® 488 (1:100, Thermo Fisher Scientific
Cat# A32790, RRID:AB_2762833), and donkey anti-mouse
Alexa Fluor® 647 (1:100, Thermo Fisher Scientific Cat# A32787,
RRID:AB_2762830).

The expression of Ptch-1 and Gli-1 in BMECs was also detected
by immunofluorescence. The primary antibody contained rabbit
anti-Ptch-1 (1:1,000, Abcam Cat# ab53715, RRID: AB_882208)
and mouse anti-Gli-1 (1:1,000, Proteintech Cat# 66905-1-Ig). Goat
anti-rabbit Alexa Fluor® 594 (1:100, Thermo Fisher Scientific
Cat# A32740, RRID: AB_2762824) and goat anti-mouse Alexa
Fluor® 488 (1:100, Thermo Fisher Scientific Cat# A32723, RRID:
AB_2633275) were used as the secondary antibody. The nucleus
was stained with 4',6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific Cat# D3571, RRID: AB_2307445). All images
were captured by fluorescence microscope (Eclipse Ti-S, Nikon,
Japan).

2.17 | Enzyme-linked immunosorbent assay

The contents of IL-1p (RD, Cat# PRLBOO), IL-6 (RD, Cat# PR46000B),
TNF-a (RD, Cat# PRTAOQ), and MMP-9 (BOSTER, Cat# EK1463) in
different cell culture supernatants were tested by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer's in-
structions. All data were calculated as percentages relative to the

untreated control group.
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2.18 | Statistical analysis compared with the CCI group (Figure 2b). These data demonstrated
that up-regulation of miRNA-9-5p in brain is beneficial to improve
All statistical analyses were performed with SPSS software 19.0 neurological function after TBI.

(RRID:SCR_002865) and statistical figures were made using

GraphPad Prism 8.00 software (RRID:SCR_002798). Values were

expressed as mean + standard error of mean (SEM). No outliers were 3.2 | miRNA-9-5p agomir inhibited the
excluded from the analysis. The Grubbs’ test was used to search for ~ apoptosis and inflammation in rats after TBI
outliers among the analyses data. The Shapiro-Wilk test was ap-

plied to test for normality, and the data were normally distributed. We detected the apoptosis-related molecules and inflammatory
Student's t-test was used to compare two groups. Comparisons cytokines in rats by western blotting and ELISA on day 3 post-CCl
among multiple groups were calculated by one-way or two-way anal- to explore the effect of miRNA-9-5p on TBIl. We found the ex-
ysis of variance (ANOVA) using Tukey's HSD post hoc test and Holm- pressions of apoptosis-related molecules including Bcl-2, Bax, and
Bonferroni correction. The differences were considered statistically cleaved caspase 3 were altered by miRNA-9-5p agomir or antagomir
significant at p < .05. (Figure 3a). Compared with the CCI group, the expression of Bcl-2

was increased in the CCl + agomir group (Figure 3b) and decreased in

the CCl + antagomir group, while reverse changes were observed on
3 | RESULTS Bax (Figure 3c) and cleaved caspase-3 (Figure 3d). We also observed

that the levels of MMP-9 (Figure 3e) and inflammatory cytokines in-
3.1 | Alteration of miRNA-9-5p in the traumatic foci cluding IL-1p (Figure 3f), IL-6 (Figure 3g), and TNF-a (Figure 3h) were
after TBI and up-regulation of miRNA-9-5p improved decreased in the CCl + agomir group or increased in the CCl + antago-
the neurological outcome mir group compared with the CCI group.

We established the control cortex injury model in rats and detected

the level of miRNA-9-5p in traumatic foci at different time points 3.3 | miRNA-9-5p agomir alleviated brain edema in
from O hr to 14 days post-injury. The results showed that the level rats after TBI

of miRNA-9-5p was continuously increased and reached the peak

at days 14 after brain injury (Figure 2a). We also found that the The effect of miRNA-9-5p on brain edema in rats was assessed by

level of miRNA-9-5p was significantly increased (or decreased) in measuring the brain water content and Evans blue permeability.
the CCI + agomir (or CCl + antagomir) group at different time points The brain water content (Figure 4a) and Evans blue permeability
compared with the CCl group after brain injury (Figure 2a). (Figure 4b) were significantly increased after TBl. However, com-
The neurological outcome of injured rats was evaluated using pared with the CCI group, the brain water content (Figure 4a) and
mNSS and the results showed that the mNSS score was decreased Evans blue permeability (Figure 4b) on day 3 post-injury were de-
(or increased) in the CCl + agomir (or CCl + antagomir) group creased in the CCl + agomir group or increased in the CCl + antagomir
(a) (b)
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FIGURE 2 Altered miRNA-9-5p level in the injured brain tissues after TBI and intervention with miRNA-9-5p oligomers. (a) The temporal
profile (from 1 day to 14 days post-CCl) of miRNA-9-5p level in the traumatic foci was determined by gRT-PCR. The quantitative data

were analyzed using the 2"ALC method and the level of miRNA-9-5p in sham group was used as control. (n = 5/group) (b) The neurological
outcome treated with miRNA-9-5p oligomers was evaluated by mNSS (n = 5/group). (**p < .01, ***p < .001 vs. the Sham group; *p < .05,
#p < .01, p < .001 vs. the CCl group.) n: number of rats in each group; CCl: control cortex impact
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FIGURE 3 Over-expression of miRNA-9-5p inhibited cellular apoptosis and inflammation after TBI. (a) The immunoblotting and
quantitative data of apoptosis-related molecules (b) Bcl-2, (c) Bax, and (d) cleaved Caspase 3 acquired from the traumatic foci at 3-day
post-CCl (n = 5/group). The level of (€) MMP-9 and inflammatory cytokines including (f) IL-1p, (g) IL-6, and (h) TNF-a was detected by ELISA
at 3-day post-CCl (n = 5/group). (***p < .001 vs. the Sham group; p < .05, #p < .01, #*#p < 001 vs. the CCI group.) n: number of rats in each

group; CCl: control cortex impact

group. The expressions of tight junction proteins (TJs) including ZO-1,
Occludin, and Claudin-5 in the traumatic foci were quantified by
western blotting. The results showed that the expression of ZO-1,
Occludin, and Claudin-5 was decreased after brain injury (Figure 4c).
We also found the expressions of TJs were increased (or decreased)
in the CCl + agomir (or CCI + antagmir) group compared with the CClI
group (Figure 4c).

3.4 | miRNA-9-5p targeted the 3’UTR of Ptch-
1 mRNA

We used bioinformatic database to explore the mechanism of miRNA-
9-5p on TBIl. We found that the Ptch-1 was the potential target of
miRNA-9-5p and the results of luciferase reporter assay showed that
the miRNA-9-5p mimic decreased the luciferase activity in the WT
group (Figure 5a), which certified that miRNA-9-5p targeted the 3'UTR
of Ptch-1 mRNA. Next, we also found miRNA-9-5p mimic decreased
the Ptch-1 and increased the gli-1 in endothelial cells by immunoblot-

ting (Figure 5b and c) and immunofluorescence (Figure 5d and e).

3.5 | miRNA-9-5p mimic improved BBB stability by
inhibiting Ptch-1 in vitro

To explore the protective role of miRNA-9-5p on BBB, the
BMECs and astrocytes were cocultured to establish the BBB
model in vitro (Figure 6a). We detected the tight junction struc-
ture between endothelial cells by immunofluorescence. The
tight junction structure was colocated by ZO-1, Occludin, and
Claudin 5. We observed the completely and continuously in-
tercellular connection structure in the untreated control group,
while the structures were generally destroyed in the OGD group.
Compared with the OGD group, the tight junction structures
were partially retained in the OGD + mimic group (Figure 6b),
we also found that the transcellular resistance (Figure 6c) and
y-GT expression (Figure 6d) were decreased, and the Evans blue
permeability (Figure 6e) and HRP permeability (Figure 6f) were
increased in the OGD + mimic group. However, up-regulated the
Ptch-1 by pcDNA reversed the effect of mimic, which indicated
that miRNA-9-5p mimic improved BBB stability by inhibiting
Ptch-1.
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3.6 | miRNA-9-5p mimic inhibited cellular
apoptosis and inflammation by inhibiting Ptch-1 in vitro

To explore the protective role of miRNA-9-5p on cellular apoptosis
and inflammation, we detected the apoptosis-relatived protein in-
cluding Bcl-2, Bax in BMECs by western blotting (Figure 7a), and in-
flammatory cytokines including IL-1p, IL-6, and TNF-a in cell medium
by ELSAs. Compared with the OGD group, we found that the level
of Bcl-2 (Figure 7b) in BMECs was increased in the OGD + mimic
group, whereas the Bax (Figure 7c) and cleaved caspase 3 (Figure 7d)
were decreased. The results also showed that the levels of inflam-
matory cytokines including IL-1p (Figure 7e), IL-6 (Figure 7f), TNF-«
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(Figure 7g), and MMP-9 (Figure 7h) in cell medium were decreased
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in the OGD + mimic group compared with the OGD group. However,
up-regulated the Ptch-1 by pcDNA reversed the effect of miRNA-

9-5p mimic on cellular apoptosis and inflammation.

3.7 | miRNA-9-5p mimic promoted AKT/GSK3p
pathway by activating Hedgehog pathway

As presented in Figure S1, we verified that the activation of
Hedgehog pathway promoted the AKT/GSK3p pathway. To further
reveal the protective mechanism of miRNA-9-5p on OGD-induced
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cell damage, the expression changing in AKT/GSK3p pathway was
detected in BMECs (Figure 8a). The results showed that the ex-
pression of Ptch-1 (Figure 8b) in BMECs was decreased in both
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untreated and OGD condition, while the Gli-1 (Figure 8c) was in-
creased. We also found that the expression of p-AKT (Figure 8d)
and p-GSK3p (Figure 8f) was significantly increased accompanied
by the increasing of Gli-1 treated with miRNA-9-5p mimic in both
untreated and OGD condition. But the statistically significant dif-
ference on AKT (Figure 8e) and GSK3p (Figure 8g) levels was not
observed. The expression of Bcl-2 (Figure 8h) was also increased,
while the Bax (Figure 8i) and cleaved caspase 3 (Figure 8j) were
decreased treated with miRNA-9-5p mimic in both untreated and
OGD condition. However, the effect of mMiRNA-9-5p mimic on pro-
moting AKT/GSK3p pathway can be reversed by GANT61, which
is an inhibitor of Hedgehog pathway. These data indicated that
miRNA-9-5p mimic promoted the AKT/GSK3p pathway mainly by
activating Hedgehog pathway.

3.8 | miRNA-9-5p mimic regulated NF-xB/MMP-
9 pathway

According to the results of Figure S1, we also found that activa-

tion of Hedgehog pathway promoted the NF-kxB/MMP-9 pathway.
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However, the results of the miRNA-9-5p mimic on NF-xB/MMP-9
(Figure 9a) in BMECs were contradictory to the supplement which
led to expression of NF-xB (Figure 9b); and MMP-9 (Figure 9c) was
decreased when treated with the mimic in both untreated and OGD
condition. These results indicate that miRNA-9-5p may directly in-
hibit the NF-kxB/MMP-9 pathway. To further explore the effect of
miRNA-9-5p on NF-kB/MMP-9 pathway, the miRNA-9-5p inhibitor
was used to reduce the level of mMiRNA-9-5p and SC75741 was used
to inhibit the expression of NF-kB (Figure 9d). The results showed
that the mimic inhibited the expression of NF-kB (Figure 9e) and
MMP-9 (Figure 9f), whereas the inhibitor promoted it. The effect
of miRNA-9-5p inhibitor on MMP-9 can be reversed by SC75741.
These data indicated that miRNA-9-5p mimic can directly regulate
the NF-kxB/MMP-9 pathway.

4 | DISCUSSION

The BBBiis a highly sealed barrier between endothelial cells that reg-
ulates the transportation of proteins, nutrients, and molecules from
blood to brain, and metabolic waste products from the brain into cir-
culation (Xu et al., 2019). Extensive BBB damage can lead to whole-
brain edema, leading to a sustained increase in intracranial pressure,
which can lead to death (Zhang et al., 2019). The breakdown of the
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FIGURE 5 miRNA-9-5p targeted 3'UTR of ptch-1and promoted the expression of Gli-1. (a) The immunoblotting and quantitative data of
(b) Ptch-1 and (c) Gli-1 acquired from BMECs. (d) The dual luciferase reporter assay. (e) The immunofluorescence and (f) quantitative data

of Ptch-1 and Gli-1 in BMECs (Bar = 20 pm). (n = 4/group). (*p < .05, ***p < .001 vs. the untreated control group; *#p < .001 vs. the OGD
group.) n: number of independent cell culture preparations in each group; CON: untreated control group; MIC: mimic; OGD: oxygen-glucose

deprivation; WT: wild-type; Mut: mutant type
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FIGURE 6 Over-expression of miRNA-9-5p improved the stability of blood-brain barrier in vitro. (a) Reconstruction of the BBB model
in vitro. (b) The immunofluorescence and (c) quantitative data of tight junction structure between BMECs (Bar = 50 pm). The quantitative

data of miRNA-9-5p mimic on (d) TEER, (e) y-GT activity, (f) Evans blue, and (g) HRP permeability at 12 hr post-injury induced by OGD
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BBB is one of the main reasons for the poor prognosis of TBI. At pre-
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sent, the clinical assessment for BBB mainly depends on the clinical
manifestation and visual examination through imaging techniques.
Sometimes these subjective examination results do not reflect se-
verity and prognosis of TBI in a timely and accurate way. Especially
in patients with mild and moderate brain trauma, the imaging results
are often inconsistent with the clinical manifestation.

In fact, studies of protein biomarkers as a tool for diagnosing, mon-
itoring, and predicting the prognosis of TBI have increased markedly
over the past decade (Papa et al., 2013). GFAP and UCH-L1 have proven
utility for discerning adult patients with TBl who may benefit from neu-
roimaging (Papa et al., 2016; Posti et al., 2016). However, the protein
biomarkers from cerebral spinal fluid (CSF) into blood may be subject
to degradation by endogenous proteases, which limit their utility to
acute and subacute periods of TBI. In addition, many protein biomark-
ers are released following damage by myocytes and osteocytes, which
could limit their specificity in patients with polytrauma (Hergenroeder,
Redell, Moore, & Dash, 2008). Therefore, few biological measures can
be used for personalized BBB assessment. The lack of sensitive, objec-
tive assessment indicator hinders the ability of physicians to provide

accurate diagnoses and effective treatments for TBI patients.
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The central nervous system contains the highest concentra-
tion and highest diversity of miRNAs (Petri, Malmevik, Fasching,
Akerblom, & Jakobsson, 2014; Sengupta & Kar, 2018; Sun et al,,
2014). Almost 70% miRNAs are expressed in brain, spinal cord, or
peripheral nerves. Growing evidence has reported that miRNAs are
essential mediators in TBI. MiRNA-144 promoted cognitive impair-
ments induced by p-amyloid accumulation post-TBI through sup-
pressing of ADAM10 expression (Cheng et al., 2013). Sabirzhanov
et al. also found that down-regulation of miRNA-711 protected
neurons against TBIl-induced cell death (Sabirzhanov et al., 2016).
Studies have found that miRNA can freely pass through the BBB in
the exosomes and can be detected in the peripheral blood (Lu & Xu,
2016; Ramirez, Andrews, Paul, & Pachter, 2018; Valadi et al., 2007).
Moreover, miRNA has the same physical and chemical properties in
fresh and frozen serum and plasma, which provides a feasible basis
for the study of miRNA as a blood biomarker. Therefore, it is import-
ant to clarify the role of each abnormally expressed miRNA after TBI.

In this study, we established a control cortex impact model in
rats and explored the effect of miRNA-9-5p on TBI. The results
showed that up-regulation of miRNA-9-5p level attenuated the

BBB damage and neuroinflammatory response for rats after TBI.
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FIGURE 7 Over-expression of miRNA-9-5p inhibited cellular apoptosis and inflammation in vitro. (a) The immunoblotting and
quantitative data of (b) Bcl-2, (c) Bax, and (d) cleaved Caspase-3 acquired from BMECs. The level of (e) IL-1, (f) IL-6, and (g) TNF-a and (h)
MMP-9 was detected by ELISA in cell medium (n = 4/group). (***p < .001 vs. the untreated control group; *p < .05, ##p < .001 vs. the OGD
group.) n: number of independent cell culture preparations in each group; CON: untreated control group; OGD: oxygen-glucose deprivation
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FIGURE 8 miRNA-9-5p mimic promoted AKT/GSK3p pathway by activating Hedgehog pathway. (a) The immunoblotting and quantitative
data of (b) Ptch-1, (c) Gli-1, (d) p-AKT, (e) AKT, (f) p-GSK38, (g) GSK38, (h) Bcl-2, (i) Bax, and (j) cleaved caspase 3 in BMECs treated with
GANT61. (n = 4/group). (*p < .05, **p < .01, ***p < .001 vs. the untreated control group; *#p < .001 vs. the MIC group; Ap < .OS,AAAp <.001
vs. the OGD group; +p < .05,+++p < .001 vs. the OGD + MIC group.) n: number of independent cell culture preparations in each group; CON:
untreated control group; OGD: oxygen-glucose deprivation; MIC: mimic; GAN: GANT61

The dual luciferase assay showed that Ptch-1 was the target gene
of miRNA-9-5p and up-regulation of miRNA-9-5p activated the
Hedgehog pathway by inhibiting the expression of Ptch-1. To fur-
ther verify the effect of miRNA-9-5p on BBB and neuroinflamma-
tion, we established a BBB model in vitro by coculturing rat BMECs
and astrocytes. The OGD model was used to simulate the patho-
physiological state of TBI in vitro. Previous studies have reported
that the destruction of the BBB was significantly enhanced after
TBI, which may suffer from increasing MMP activity and excessive
inflammatory response (Wu et al., 2020). In this study, the results
manifested that over-expression of miRNA-9-5p protected the
BBB in vitro by decreasing the damage of tight junction structure
and reducing the permeability. We also found that miRNA-9-5p
mimic can reduce the level of MMP-9 and inflammatory cytokines
including IL-1, IL-6, and TNF-a in cell medium. However, the ef-
fect of miRNA-9-5p on BBB can be reversed by increasing the

expression of Ptch-1. All these results suggested that miRNA-9-5p
plays a protective role on BBB mainly by inhibiting Ptch-1. The
structural and functional integrity of endothelial cells is the basis
for maintaining the integrity of the BBB. To explore the protec-
tive mechanism of miRNA-9-5p on BBB, we detected the relative
changes in apoptosis and inflammatory pathways in BMECs. Here,
we found that miRNA-9-5p promoted AKT/GSK3p pathway by
activating Hedgehog pathway, which inhibited cellular apoptosis.
According to results presented in our supplementary material, the
activation of Hedgehog pathway may promote the expression of
NF-kB. However, although over-expression of miRNA-9-5p acti-
vated the Hedgehog pathway, the NF-kB has also been inhibited
in BMECs. Previous studies have reported that NF-xB is also a
target gene for miRNA-9 and miRNA-9 reduces the expression of
NF-kB by directly acting on 3'UTR of mRNA (Chakraborty, Zawieja,
Davis, & Muthuchamy, 2015). These results suggested that the
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p < .001 vs. the untreated control group; ###p < .001 vs. the INHI group.) n: number of independent cell culture preparations in each

group; CON: untreated control group; OGD: oxygen-glucose deprivation; MIC: mimic; GAN: GANT61; INHI: inhibitor

inhibitory effect of miRNA-9 is stronger than the activation effect
of Hedgehog pathway and miRNA-9 plays the protective role on
BBB after TBI through various molecular pathways.

There are still some shortcomings in our research. This study
mainly investigated the effect of miR-9-5p on the blood-brain bar-
rier and neuroinflammation after TBl. However, the BBB structure
was difficult to separate in vivo. The local brain tissue around the
traumatic foci, which mixed other cellular components, was unable
to accurately express these results. Secondly, we reconstructed the
BBB in vitro by coculturing BMECs and astrocytes, but recent stud-
ies have shown that the intact function of blood-brain barrier also
requires other cell, such as pericytes and microglia. However, the
technique of recombination and culture various cells in vitro accord-
ing to the structure of BBB in vivo is yet immature. Thus, the BBB
model we reconstructed in vitro cannot completely mimic the BBB
in vivo, which may lead to some limitations to these results. Thirdly,
we used OGD model in vitro to stimulate the local state after TBI,
which is generally used to simulate the state of ischemia and hy-
poxia. However, ischemia and hypoxia are only one part of the com-

plex pathological process after TBI. Therefore, OGD might not be

the best model in vitro for TBI. In a follow-up study, we shall collect
peripheral blood from patients with brain injury and establish more
cell models to further explore the role of miRNA-9-5p on the diagno-
sis and treatment of TBI.

In conclusion, we demonstrated that miRNA-9-5p alleviated the
destruction of BBB and neuroinflammatory responses by activating
Hedgehog pathway and inhibiting NF-kxB/MMP pathway. This study
extended our understanding of miRNA-9-5p and suggested that
miRNA-9-5p can be a promising diagnosis and therapeutic target for
TBI.
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