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MiR-325-3p promotes locomotor function
recovery in rats with spinal cord injury via
inhibiting the expression of neutrophil elastase
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Abstract. - OBJECTIVE: This study aims to
investigate the potential function of miR-325-3p
in vascular integrity and inflammatory response
following spinal cord injury (SCI).

MATERIALS AND METHODS: The protein lev-
els of ANG-1, ANG-2, and caspase-3 in HUVECs
incubated with 0, 100, 200, 400, and 800 ng/ml
NE for 24 h were determined. The regulatory ef-
fect of overexpressed miR-325-3p on the pro-
tein levels of ANG-1 and ANG-2 was determined
by Western blot. The SCI model in SD rats was
established by spinal injury at T10. Subsequent-
ly, the relative levels of miR-325-3p, ANG-1, and
ANG-2 were determined in SCI rats and controls.
Furthermore, SCI rats were administrated with
miR-325-3p mimics or negative control and the
relative levels of miR-325-3p, ANG-1, and ANG-
2 were examined as well. At day 14, the protein
levels of iINOS and GFAP in SCI rats and those
overexpressing miR-325-3p were detected. BBB
(Basso, Beattie, and Bresnahan) locomotor rat-
ing scale was applied for evaluating the locomo-
tor function recovery at day 1, 3, 7, 14, 21, and 28
following SCI.

RESULTS: NE treatment in HUVECs down-
regulated ANG-1 and upregulated ANG-2 and
caspase-3 in a dose-dependent manner. The
overexpression of miR-325-3p upregulated
NE-induced decreased the level of ANG-1 and
downregulated NE-induced increased level of
ANG-2. After the establishment of the SCI mod-
el in rats, the miR-325-3p level gradually de-
creased in SCI rats relative to controls in a
time-dependent manner. ANG-1 level in SCI rats
decreased to the lowest on the first day follow-
ing SCI, and gradually increased at day 3, 5,
and 7. ANG-2 level was firstly upregulated and
achieved the peak on day 3, and then decreased

at day 5 and 7. Moreover, SCI rats overexpress-
ing miR-325-3p showed a higher level of ANG-1
and lower level of ANG-2 than those of SCI rats.
Overexpression of miR-325-3p downregulated
the protein levels of iINOS and GFAP in SCI rats.
BBB scale showed elevated locomotor function
recovery in SCI rats overexpressing miR-325-3p
compared with SCI rats.

CONCLUSIONS: MiR-325-3p protects the in-
tegrity of the vascular wall, reduces infiltration
of inflammation, and improves locomotor func-
tion recovery at post-SCI.
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Introduction

Spinal cord injury (SCI) is one of the seri-
ous diseases of the central nervous system. The
pathological process of SCI is very complicated,
involving many biological changes at the cellu-
lar level that could lead to the disintegration of
neural structure and the absence of function'. In
vascular structure, endothelial cell injury caused
vascular wall defect and increased permeability,
eventually resulting in the occurrence of spinal
cord ischemia and the expanded infiltration of
inflammation®*. This is also one of the most
important reasons for the secondary injury fol-
lowing SCIL.

Neutrophil elastase (NE) is a proteolytic en-
zyme secreted by neutrophils. It can destroy
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the connective components between endothelial
cells and damage the endothelial cells*¢. Secreted
leukocytes and inflammatory factors infiltrate
to the blood vessels and adjacent organs, further
expanding the injury”®. As a result, normal spinal
cord tissues suffer from inflammation and apop-
tosis’.

Angiopoietin (ANG) is a kind of angiogen-
ic factor secreted by vascular endothelial cells,
which not only promotes angiogenesis and mat-
uration, but also participates in the regulation of
vascular stability!®!!, ANG-1 is widely expressed
in normal blood vessels, which is beneficial to
maintain the stability of blood vessels and the in-
tegrity of the vessel wall, and prevent the leakage
of plasma'>", ANG-2 is highly expressed after
vascular injury and antagonizes the effect of
ANG-1". Therefore, the upregulation of ANG-1
and downregulation of ANG-2 following endo-
thelial cell injury contribute to protect the integri-
ty of the vascular wall®. In addition, the extensive
infiltration of inflammatory factors through the
blood vessels activates many glial cells, which
aggravates the area and density of glial scar tis-
sue'®. Neurons are extensively affected following
SCI, accompanied by regeneration of axons and
remodeling of neural structures'’. Therefore, it is
important to maintain microvascular homeostasis
and enhance vascular wall integrity after SCI'®.

MicroRNA-325-3p (miR-325-3p) exerts an im-
portant role in ischemic-hypoxic brain injury"”.
MiR-325-3p may be a potential target on improv-
ing the stable state of spinal microvasculature
under the condition of ischemia and hypoxia after
SCI. However, the effects of vascular regulation
and inflammatory divergence and glial scar re-
main to be investigated. In the present study, we
identified the role of miR-325-3p in the vascular
integrity and inflammatory response after SCI
and proposed the protective role of miR-325-3p
in the SCI rats.

Materials and Methods

Cell Culture and Transfection

Human umbilical vein endothelial cells (HU-
VECs) provided by YRGene (Changsha, China)
were cultured in the endothelial growth medium.
HUVECs were incubated with NE at different
doses (0, 100, 200, 400, and 800 ng/ml) for 24
h. Transfection of miR-325-3p mimics or nega-
tive control was performed using Lipofectamine
2000.
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Establishment of the SCI Model in Rats

A total of 90 male Sprague-Dawley (SD) rats
aged 6-8 weeks and weighted at 180-220 g were
selected. They were housed in a standard cham-
ber with 22-25°C temperature, 50-55% humidity
and 12 h/12 h light/dark cycle. They were given
free access to food and water.

The rats received anesthesia via peritoneal
injection of 0.8 mL of chloral hydrate (10%).
The rats were fixed on the surgical table, and the
anadesma and muscle were bluntly dissected to
expose the T, vertebral plate. T, laminate was
removed, and an impact (10 g x 5 cm) by a striker
on T, spinal cord was performed. The bleeding
point of the spinal cord and delayed neurological
symptoms proved that the SCI procedures were
successful. The rats in the control group were
subjected to T, laminate removal without impact
injury. MiR-325-3p mimics or negative control
was epidurally injected into SCI rats. We disin-
fected the incision in rats by iodophor and placed
on the heat pad to maintain body temperature.
This study was approved by the Animal Ethics
Committee of Gansu Province Hospital Rehabili-
tation Center Animal Center.

Quantitative Real-Time Polymerase
Chain Reaction (gRT-PCR)

The total RNA was extracted using TRIzol
reagent, chloroform, and isopropanol (Invitrogen,
Carlsbad, CA, USA). The extracted RNAs were
quantified using a NanoDrop spectrophotome-
ter. QRT-PCR was carried out using an SYBR
Green Master Mix at 95°C for 10 min, followed
by 40 cycles at 95°C for 15 s and 60°C for 30
s. GAPDH was used as an internal reference.
Relative data was calculated using the 24T
method. The primer sequences for the interest-
ed genes and the reference gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were as
follows: miR-325-3p, forward: 5-GTCGTATC-
CAGTGCGTGTCGTGGAGTCGGCAATTG-
CACTGGATACGACCACAACC-3’; ANG-1,
forward: 5-TTTAGATTGGAAGGGCCACA-3’;
Reverse: 5-ATGCGCCCTTATGCTAACAG-3’;
ANG-2, forward: 5>-CCCACTTCTGAGCTTCA-
CATC-3’; Reverse: 5-CATAGGAGGAAACCT-
GTTCACC-3’; GAPDH, forward: 5-CAACTC-
CCTCAAGATTGTCAGCAA-3’; Reverse:
5-GGCATGGACTGTGGTCATGA-3".

Western Blotting
The cells were extracted from spinal cord
tissues in cell lysis buffer containing protease
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inhibitor and phosphatase inhibitors at 4°C. The
supernatant was centrifuged at 4°C, 14,000 rpm
for 15 min. Protein sample quantified by Bicin-
choninic acid (BCA) method (Pierce, Rockford,
IL, USA) was loaded on 10% sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-
PAGE). After transferring to polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Biller-
ica, MA, USA), they were blocked in 5% skim
milk for 1 h. The membranes were incubated
with primary antibodies (ANG-1, 1:5000; ANG-
2, 1:1000; Caspase-3, 1:1000; iNOS, 1:500; GFAP,
1:1000; GAPDH, 1:10000) at 4°C overnight and
secondary antibodies at room temperature for 1
h. The blots were visualized with enhanced che-
miluminescence (ECL) detection system (Ther-
mo Fisher Scientific, Waltham, MA, USA).

Determination of Hindlimb Locomotor
Function

The hindlimb locomotor function of rats was
evaluated via the open-field Basso, Beattie, and
Bresnahan (BBB) locomotor test at day 1, 7, 14,
21, and 28 days following SCI. The locomotor
score ranged from 0-21 points. This experiment

was independently conducted by two researchers
who were blinded to treatment group.

Statistical Analysis

The data were analyzed with Statistical Prod-
uct and Service Solutions (SPSS 16.0) software
(SPSS Inc., Chicago, IL, USA). All data were
expressed as mean+SEM (x + 5). The intergroup
difference was analyzed by the #-test. p<0.05 was
considered statistically significant.

Results

NE Treatment Regulated Levels of
ANG-1 and ANG-2, and Induced
Apoptosis of HUVECs

HUVECs were incubated with NE at different
doses (0, 100, 200, 400, and 800 ng/ml) for 24 h.
The protein level of ANG-1 gradually decreased,
whereas ANG-2 level increased in a dose-depen-
dent manner (Figures 1A-C). The protein level
of caspase-3 was upregulated with the increased
dose of NE, indicating the induced apoptosis of
HUVECs due to NE treatment (Figures 1A, D).
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Figure 1. NE treatment regulated the levels of ANG-1 and ANG-2, and induced apoptosis of HUVECs. HUVECs were
incubated with NE at different doses (0, 100, 200, 400, and 800 ng/ml) for 24 h. A, Western blot analyses of ANG-1, ANG-2,
and caspase-3 in HUVECs. (B) Quantification of grey bands of ANG-1, (C) ANG-2 and (D) caspase-3.
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Overexpression of MiR-325-3p
Protected NE Damage to HUVECs
HUVECs transfected with miR-325-3p mimics
or negative control were subjected to 800 ng/ml
NE treatment for 24 h. The Western blot analyses
revealed that the overexpression of miR-325-3p
upregulated the NE-induced decreased level of
ANG-1 and downregulated the NE-induced in-
creased level of ANG-2 (Figures 2A, B). It is sug-
gested that overexpressed miR-325-3p alleviated
NE damage to HUVECs.

Overexpression of MiR-325-3p
Alleviated SCI-Induced Dysregulated
Vascular Integrity

At 1, 3, 5, and 7 days at post-SCI, the relative
level of miR-325-3p, ANG-1, and ANG-2 in SCI
rats and controls were determined by qRT-PCR.
MiR-325-3p gradually decreased with the prolon-
gation of SCI (Figure 3A). Besides, the mRNA
level of ANG-1 reduced to the lowest at on first
day post-SCI, and gradually increased within the
first week. The mRNA level of ANG-2, on the
contrary, first increased to the peak at day 3, and
subsequently decreased at day 5 and 7 (Figure
3B). To elucidate the in vivo function of miR-325-
3p in SCI, the SCI rats were administrated with
miR-325-3p mimics or negative control. MiR-
325-3p level was markedly upregulated within
the first week of SCI after administration of miR-
325-3p mimics in SCI rats (Figure 3C). Higher
abundance of ANG-1 and lower abundance of
ANG-2 were observed in SCI rats overexpressing
miR-325-3p relative to SCI rats administrated
with negative control (Figure 3D). The above data

suggested that the overexpression of miR-325-3p
alleviated the dysregulated vascular integrity at
post-SCL

MiR-325-3p Reduced Microglia
Activation and Formation of Glial Scar

Microglia and astrocytes were activated at
day 14 at post-SCI. However, the protein levels
of iNOS and GFAP were downregulated in SCI
rats overexpressing miR-325-3p (Figures 4A, B).
It is believed that miR-325-3p could ameliorate
microglia activation and glial scar hyperplasia
following SCI.

Overexpression of MiR-325-3p
Improved the Locomotor Function
Recovery Following SCI

Locomotor function of SCI rats for four weeks
was tested. BBB locomotor test was conducted on
day 1, 3, 7, 14, 21, and 28 following SCI. The SCI
rats presented a remarkably lower grade during
the four weeks relative to controls. Notably, the
overexpression of miR-325-3p in SCI rats greatly
elevated BBB, indicating an improved locomotor
function recovery after SCI (Figure 5).

Discussion

Vascular damage causes secondary injury at
post-SCI, especially tissue ischemia and inflam-
matory infiltration?’. Early stabilization of blood
vessels and enhancement of wall integrity can
effectively control the attenuation of secondary
injury?’. The inhibition of the activation of the
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Figure 2. Overexpression of miR-325-3p protected NE damage to HUVECs. HUVECs with no treatment, NE induction
or NE induction + transfection with miR-325-3p mimics. A, Western blot analyses of ANG-1 and ANG-2 in HUVECs. B,

Quantification of grey bands of ANG-1 and ANG-2.
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Figure 3. Overexpression of miR-325-3p alleviated SCI-induced dysregulated vascular integrity. A, Relative level of miR-
325-3p in the control rats and SCI rats at day 1, 3, 5, and 7 following SCI. B, Relative levels of ANG-1 and ANG-2 in control
rats and SCI rats at day 1, 3, 5, and 7 following SCI. C, Relative level of miR-325-3p in SCI rats and SCI rats overexpressing
miR-325-3p atday 1, 3, 5, and 7 following SCI. D, Relative levels of ANG-1 and ANG-2 in SCI rats and SCI rats overexpressing
miR-325-3p at day 1, 3, 5, and 7 following SCI.

inflammatory glial cells and the formation of external microenvironment and loose scar tissue
glial scar tissue are beneficial to neuronal damage can make the nerve fibers better extended to form
recovery and axon regeneration’’. Non-violent a new loop?.
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Figure 4. MiR-325-3p reduced microglia activation and formation of glial scar. A, Western blot analyses of iNOS and GFAP
in SCI rats and SCI rats overexpressing miR-325-3p at day 14 following SCI. B, Quantification of grey bands of iNOS and
GFAP.
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Figure 5. Overexpression of miR-325-3p improved the
locomotor function recovery following SCI. BBB locomotor
rating scale in control rats, SCl rats, and SCl rats overexpressing
miR-325-3p at day 1, 3, 7, 14, 21, and 28 following SCI.

Neutrophil elastase is a destructive proteolyt-
ic enzyme, which is secreted by neutrophil to
damage the structure of the vascular wall and
stimulate the inflammatory cells chemotaxis into
injured tissue**. At post-SCI, neutrophil infiltra-
tion and vascular destruction are induced, and
the inflammatory mediators activate a wide range
of glial cells and promote the proliferation and
aggregation of glial scar®.

This study demonstrated that miR-325-3p can
consolidate vascular stability and protect the wall
from vascular damage following SCI. By early
protection of blood vessels, inflammation and
scar formation are reduced, and neural function
reconstruction is promoted. In this study, we
proposed a new approach to interfere with the
recovery of the nerve function at post-SCI. By
the interaction between miRNA and NE, the sta-
bility of vascular structure was maintained, and
the recovery of motor function was promoted by
improving the microenvironment of the spinal
cord in the early stage. However, this study failed
to elucidate the specific cellular pathway in the
protective effect of miR-325-3p, which remained
to be discovered by further experimental studies.

Conclusions

MiR-325-3p protects the integrity of the vas-
cular wall, reduces infiltration of inflammation,

and improves locomotor function recovery at
post-SCI, which may be served as a potential
therapeutic target for SCI.
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