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Abstract: Spinal cord injury (SCI) can lead to different levels of paraplegia. Studies have shown that exercise exerts
wide protective effects against various diseases, and microRNAs (miRNAs) are involved in its beneficial effects.
However, the specific role of miRNAs in the protective effects of exercise against SCI remains unclear. Here, we
showed that exercise exerted protective effects against SCl as evidenced by increased locomotor activity and spinal
cord cell survival in rats with SCI. Exercise upregulated circulating miR-21, detected by miRNA microarray, in rats
with SCI. Treating SCI rats with agomiR-21 upregulated circulating miR-21 and exerted protective effects against
SCI. Additionally, downregulating miR-21 using antagomir-21 abolished the protective effects of exercise on SCI.
Programmed cell death protein 4 (PDCD4) was found to be the target of miR-21. These results suggested that exer-
cise protects against SCI, at least partly, through miR-21-mediated suppression of PDCD4.
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Introduction

Spinal cord injury (SCI) is a traumatic event to
the spinal cord that could result in permanent
damage to sensory and motor function. More
than 25000 patients worldwide suffer from
SCI yearly [1]. SCI can be caused by tumors,
traffic accidents, trauma, and other sporting
injuries [2]. Secondary acute spinal cord in-
jury includes free radical production, inflamma-
tion, and apoptosis, which is of great impor-
tance. However, human and animal subjects
can spontaneously recover from these injuries
through adaptive changes. These changes ma-
nifest in neuronal properties [3, 4], cortical
maps [5, 6], and rostral and/or caudal col-
lateral sprouting in the lesion zone [7, 8]. This
recovery can happen without therapy such as
pharmacological agents or surgery. As a non-
invasive therapeutic intervention, exercise (EXx)
can effectively protect spinal cord tissue by
alleviating hindlimb muscle mass [9], maintain-
ing stable lumbar motoneurons patterns [10]
and increasing neurotrophic factor expression
levels in injury sites [11]. However, the speci-
fic molecular and cellular mechanism of Ex ag-
ainst SCI remains unknown.

Complex pathophysiologic changes occur in the
spinal cord, following SCI, including diverse
molecular dysfunction and signaling pathways.
MiRNAs are a cluster of endogenous noncod-
ing small RNAs that down-regulate gene ex-
pression by binding to the 3-UTR of target
MRNAs at a post-transcriptional level, leading
to translational inhibition or degradation. About
20-30% of genes, which are translated to pro-
teins, are modulated by miRNAs [12-14]. miR-
NAs are of great importance in cellular pro-
cesses [15-18]. SCI can induce widespread
molecular and signal alterations, including spe-
cific protein and miRNA expression [19, 20].
Microarrays were used to identify the regulation
of 60 miRNAs in the SCI group, in comparison to
the sham one [21]. Cluster analysis suggested
lots of miRNAs relating to pathology post-SCI
such as apoptosis, oxidation, and inflammation.
Several previous researches suggest that miR-
NAs-21 is over-expressed after SCI [22, 23] and
may contribute to recovery and regeneration.
For example, Chen’s group [24] found increas-
ing PDCD4 expression levels and apoptotic
cells by inhibiting miR-21 in glioblastoma cells.
Lei's group showed that many miRNA expres-
sions changed over time, coupled with up-mod-
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ulated miR-21, after brain damage [25]. SCI
can also result in neuromuscular damage, how-
ever, some studies have indicated that daily
exercise of the affected hind limbs could lead
to a great decrease in the formation of dendrit-
ic branches [26].

Here, we tried to find evidence on changes in
miR expression after Ex, using miRNA arrays
and observed miR-21 upregulation. After miR-
21 overexpression by agomir-21, spinal cord
tissue protection after SCI increased with less
apoptotic cells. miR-21 knockdown by antago-
mir-21 also confirmed that Ex can alleviate
functional deficit. To further explore the mo-
lecular mechanism, we observed that PDCD4
was closely associated with miR-21 expres-
sion levels. Therefore, this paper showed that
exercise can protect against spinal cord injury
through miR-21-mediated PDCD4 suppression,
which could provide a mechanism for exercise
treatment following SCI.

Materials and methods
Spinal cord injury

All surgical interventions and postoperative
care were conducted under the Guidelines of
the Institutional Animal Care and Use Commit-
tee and approved by the Ethics Committee.
Adult male Sprague-Dawley rats (200-230 g),
after being injected with 10% chloral hydrate
(3 mg/kg), underwent the left lateral hemi-
section model of SCI as described previously
[27]. Briefly, a longitudinal incision was made
in the midline to perform laminectomy in the
thoracic region T8/T10. After the spinal cord
was exposed, a lateral hemisection was made
with a surgical blade in the left of the spinal
cord. The injury led to the creation of a gap at
the length of 2-4 mm alongside the rostral-
caudal axis that was extended to the midline.
Post-injury, we put rats in recovery cages with
ampicillin (100 mg/kg) lasting 7 days to pre-
vent postoperative infection, including bladder
voiding, and for daily postoperative care [28].

Exercise

Swim training was used as the exercise model
in this study based on Magnuson’s research,
which demonstrated the significant effect of
swimming on severe thoracic spinal cord con-
tusion injury in rats [29]. The water tempera-
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ture was maintained at 25-28°C [30]. Rats re-
ceived swim training 7 days post-injury, twice
daily 5 days per week lasting for 4 weeks. The
first training day involved two 10 min sessions
with a minimum of 4 hours off, then gradually
increased to 90 min/day over one week.

Animal groups

Rats were randomly divided into four groups in
the first set of experiments, including Sed+
sham, Exe+sham, Sed+SCl, Exe+SCI (n=6 rats
for each group). Rats were exercised at 7 days
after surgery. Rats were randomly divided into
the other four groups in the second set
of experiments, including Sham+agomiR-NC,
Sham+agomiR-21, SCl+agomiR-NC, SCl+ago-
miR-21 (n=6 rats for each group). AgomiR-NC
or agomiR-21 (10 nmol) was intramyocardially
injected into rats after the surgery at an inter-
val of 7 days. Rats were randomly divided into
another four groups in the third set of experi-
ments, including Sed+antigomiR-NC, Sed+
antigomiR-21, Exe+antigomiR-NC, Exe+antigo-
miR-21 (n=6 rats for each group). SClI was
induced in all rats. AntigomiR-NC or antigo-
miR-21 (10 nmol) was intramyocardially inject-
ed into rats after the surgery at an interval of
7 days. The sequences of agomiR, antigomiR
and NC were shown in Table S1.

miRNA library construction and sequencing

miRNA library preparation and sequencing
were conducted by a commercial service
(Ribobio, Guangzhou, China). Briefly, total RNA
was extracted from plasma. Both 3’ and %’
adaptors were ligated, followed by reverse
transcription and polymerase chain reaction
amplification. The polymerase chain reaction
products derived from the 18 to 30 nucleo-
tide long RNA molecules were purified by elec-
trophoresis and sequenced using the Illumina
HiSeq 2500 platform (San Diego, CA, USA).

Behavioral assessment

We checked locomotor activity for 60 days
after the injury using a Basso, Beattie, and
Bresnahan (BBB) score as described previ-
ously [27]. The rating scales of BBB range
from O, meaning no functional improvement in
hindlimb junctions, to 21, denoting normal
functional behavior similar to a healthy rat.
Two blinded investigators independently ob-
served the movements of animals for 5 min

Am J Transl Res 2020;12(9):5708-5718



Exercise protects against spinal cord injury through miR-21

in an open field, with the result being an aver-
age of both investigators’ scores.

Intrathecal injection of antagomir-21 and
negative control antagomir

The SCI and sham rats were randomly separat-
ed into 2 respective groups (10 rats per group),
a negative control antagomir group (antagomir-
NC), treated with antagomir-NC (1 uL/h, 20
nmol/mL). The other group was treated with
antagomir-21 (1 uL/h, 20 nmol/mL). The entire
experiment was conducted in a warm environ-
ment. Catheter and minipump implantation sur-
geries were performed right after the injuries.
Either negative control antagomir (antagomir-
NC) or antagomir-21 (Shanghai GenePharma
Ltd., Shanghai, China) was dissolved in PBS to
20 nmol/mL and loaded into osmotic mini-
pumps (ALZET, Cupertino, CA, USA). The mix-
ture was then continuously infused into the
rats, post-injury or laminectomy, at a rate of 1
uL/h, according to instructions [31]. A fraction-
al laminectomy at T12/T13 with a small needle-
point incision was necessary for the intrathecal
catheter placement. The catheter was inserted
into the incision and secured to muscle and
bone by 4/0 silk threads, followed by attach-
ment to the osmotic minipump. Rats were then
injected with penicillin G during surgery.

TUNEL

A DeadEnd™ Fluorometric TUNEL Detection
System (Promega, Beijing, China) was used,
conforming to the manufacturer’s protocol, to
determine apoptosis. Briefly, spinal cord neu-
rons were washed with PBS containing 4%
formaldehyde for 15 min, then permeabilized
with PBS containing 0.2% Triton X-100 for
another 10 min under the same conditions.
After washing twice with PBS, the cells were
cultured with a terminal deoxytransferase
(TdT) mixture at 37°C for 1 h, then washed
twice. The nuclei were counterstained with 4/,
6-diamidino-2-phenylindole (DAPI) and fluores-
cent images captured using a Nikon Eclipse Ti
microscope.

Quantitative real-time RT-PCR

We extracted RNA from the spinal cord seg-
ments, including the injury site (about 1 cm-
long segment around the injury site) with TRIzol
(Invitrogen, Carlsbad, CA, USA), per the manu-
facturer’s protocol. Roche Lightcycler 480

5710

Detection System (Shanghai, China) was used
to amplify and detect the RNAs. We used U6
as an internal control for template normaliza-
tion and the primers were from Ambion, Inc.
(Austin, Texas, USA). Fluorescent signals were
calibrated against an internal reference, and
the threshold cycle (Ct) was set within the ex-
ponential phase of the PCR. Before each tar-
get amplification, the relative gene expression
was calculated by comparing cycle times. The
target PCR Ct values were normalized by sub-
tracting the U6 Ct value, which then provided
a ACt value. The relative expression level be-
tween treatments was then calculated using
the following equation: relative gene expres-
sion =2 - (ACt, sample - Ct, control).

Western blot analysis

Rats were euthanized with 10% chloral hydrate
overdose. The SCIl samples, containing the inju-
ry site (@bout 1 cm-long segment around the
injury site) were harvested, separated using
7.5% or 10% SDS-polyacrylamide gel electro-
phoresis, then transferred onto Hybond-C Ex-
tra nitrocellulose membranes (GE Amersham).
The membranes were blocked with 10% dry
milk and 0.1% bovine serum albumin (BSA;
Fraction V) in PBS for 1 h at room temperature,
incubated overnight at 4°C with anti-PDCD4
polyclonal antibody (diluted in PBS containing
0.1% BSA) and B-actin as negative control, and
incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG for 1 h at 37°C,
after washing. Relative intensities were ana-
lyzed using ImageJ with -actin as the internal
control. Each experiment was conducted in
triplicate.

Statistical analyses

All values are presented as mean * SEM.
Statistical analyses were performed by SPSS
software. Data were compared with one-way
ANOVA or two-way ANOVA, with all ANOVA tests
followed by an unpaired t-test, as appropriate.
Bonferroni’'s correction for multiple compari-
sons was used. Differences were considered
significant when P<0.05.

Results
The effect of exercise after SCI

SCI model was established in rats to test the
effects of exercise. SCI rats exhibited bilateral
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hind limb paralysis. The BBB score of the sham
group rats, with/without exercise, remained
unchanged (Figure 1A). Hindlimb activity of the
SCI group improved gradually over the experi-
ment period, as suggested by the increase in
BBB score, with/without exercise. Compared
with the sedentary group, the degree of recov-
ery in the exercise rats was better at 60 days
post-injury, with BBB scores of 14+1.22 and
8+0.94, respectively (Figure 1A). This indicates
that exercise can protect against SCI.

TUNEL staining at the lesion site post-surgery
was used to determine the potential cellular
mechanism behind exercise protecting against
SCI. SCl increased cell apoptosis and this was
alleviated by exercise at the lesion stie post-
surgery in rats (Figure 1B). In addition, H/E
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Figure 1. Exercise protects against SCI. (A)
Rat recoveries were assessed from days 1 to
60, following SCI by BBB score. (B) Exercise
protects cells from apoptosis after SCl-injury,
confirmed by hematoxylin and eosin staining
(C). n=8.
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staining showed that there were significant
inflammatory cell infiltrate and rimmed vacu-
oles at the lesion site post-surgery in SCI rats,
and exercise alleviated these changes (Figure
1C). These results suggested that exercise has
a protective effect against SCI.

MiR-21 overexpression alleviates cell apopto-
sis following SCI

To explain the potential molecular function of
exercise after SCIl, we detected alterations in
circulating miRNA expression by miRNA se-
quencing in SCI rats with and without exercise.
A total of 9 differentially expressed miRNAs
(fold change >2.0; P<0.05) were detected
(Figure 2A). These results were further detect-
ed using gRT-PCR and found that miR-21 was
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Figure 2. Exercise-upregulated miR-21 protects against SCI. (A) miRNA profiling assays were performed in plasma of
SCl rats. (B) qRT-PCR analysis confirmed that miR-21 was up-regulated by exercise. (C) Agomir-21 increased miR-21
expression in both sham and SCI groups. Agomir-21 has little effect on the sham group, while significantly increasing
the BBB score (D) and cell viability (E) of the SCI group, compared with agomir-NC. (F) The result of hematoxylin and
eosin staining of tissue sections from mice. n=8. "P<0.05; "*P<0.01.
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Figure 3. Antagomir-21 abolishes the protective effects of exercise on SCI. A. miR-21 expression levels in SCl rats. B.
BBB score of SCl rats. C. TUNEL results in SCl rats. D. Cell morphology with hematoxylin and eosin staining of tissue

sections. n=8. "P<0.05; *"P<0.01.

upregulated by exercise (Figure 2B). To further
understand the importance of miR-21 and exer-
cise, agomir-21 and agomir-NC were used to
increase miR-21 expression and as a negative
control, respectively. Compared to the negative
control, agomir-21 greatly up-regulated miR-21
expression in both groups (Figure 2C and 2D),
resulting in an improved BBB score in the SCI
group. TUNEL staining at the lesion site post-
surgery was used to analyze the potential role
of agomir-21 on cell apoptosis. Fewer TUNEL-
positive cells were observed in the agomir-21
group following SCI, suggesting that miR-21
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exerted anti-apoptosis effect against SClI
(Figure 2E). These results were confirmed by
H&E staining at the lesion site post-surgery,
which showed that agomir-21 alleviated the
inflammatory cell infiltrate and rimmed vacu-
oles at the lesion site post-surgery in SCI rats
(Figure 2F).

Exercise promotes against SCI via upregulating
miR-21

After determining the protective effect of exer-
cise and miR-21 overexpression in cell recov-
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following transfection with miR-NC and miR-21-5p. D. PDCD4 3’-UTR sequence alignment with miR-21-5p and rela-
tive luciferase expression in rat PDCD4 luciferase reporters co-transfected with miR-21-5p-expressing constructs
in cells. E. Respective western blot images and the PDCD4 protein expression levels in sham and SCI groups with/
without agomir-21. F. Respective western blot images and PDCD4 protein expression levels in the SCI group with/
without antagomir-21. B-actin served as an internal control. miR-21 significantly down-regulated PDCD4 protein

expression. n=5. *P<0.05; *"P<0.01.

ery, following SCI, we intended to figure out the
potential connection between them by miR-21
knockdown using antagomir-21. Even though
antagomir-21 decreased miR-21 expression,
miR-21 expression was up-regulated in exer-
cise group, compared to the sedentary group
(Figure 3A), demonstrating that miR-21 is an
important exercise-associated factor. The BBB
scores of all four groups were directly propor-
tional to the miR-21 expression (Figure 3B).
The effect of miR-21 on apoptosis following
SCI was further analyzed by TUNEL staining. A
higher number of TUNEL-positive cells were
found in the antagomir-21 and sedentary gr-
oups (Figure 3C). The alleviated inflammatory
cell infiltrate and rimmed vacuoles by exercise
were abolished by antagomir-21 in SCI rats
(Figure 3D). Based on that, we concluded that
exercise can protect against SCI by upregulat-
ing miR-21 expression.

PDCD4 is a miR-21 target gene

By regulating target genes, miRNA can acti-
vate their biological functions. Each miRNA
can target thousands of genes as determined
in a Venn diagram aggregation analysis using
three target gene prediction programs (PicTar,
microT, and TargetScan). All four programs
showed the same central target genes (15
genes) (Figure 4A), which suggested that
miR-21 more likely bound 15 target genes. To
further determine the specific genes, we in-
cluded miR-21-5p analogs as miR-21 genes.
The real-time RT-PCR showed that PDCD4 ex-
pression was significantly inhibited, compared
to others, suggesting that PDCD4 is the tar-
get, which was confirmed by western blot data
(Figure 4B and 4C). The miRbase showed that
human miRNA-2 and rat PDCD4 3-UTRs had
a high-energy binding site at 281-288 bp (Fig-
ure 4D). To determine whether miR-21 directly
targets PDCD4, we cloned the 3-UTR down-
stream of rat PDCD4. By co-transfection of
wt-PDCD4 and mt-PDCD4 with the miR-21-5p
analogs, we demonstrated that miR-21 greatly
reduced luciferase activity in wt-PDCD4-trans-
fected cells by 40+4.32%, whereas no signifi-
cant difference was observed in mt-PDCD4.
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As shown in Figure 4E, upregulation of miR-21
using agomiR-21 abolished the effects of SCI
in upregulating PDCD4. In addition, downregu-
lation of miR-21 using antigomiR-21 attenu-
ated the effects of exercise in downregulating
PDCD4 (Figure 4F). These results reinforced
the notion that PDCD4 is the target of miR-21.

miR-21 is shuttled by exosomes

To determine the source of miR-21 in cells, we
extracted spinal cord samples in the thoracic
region T8/T10. from sedentary and exercise
rats and detected pre-miR-21 and miR-21
expressions. There was no difference in the
pre-miR-21 expression level in the exercise
group, compared to the sedentary group (Fi-
gure 5A and 5B), however, there was a 40%
increase in miR-21 expression levels (P<0.01).
To determine whether the miR-21 was shuttled
by circulating exosomes, exosomes were iSo-
lated from the plasma of SCI rats. Additionally,
we observed the exosome with SEM and de-
termined its diameter of about 100 nm (Figure
5D). MiR-21 expression level was analyzed in
both the exosome and cell supernatant; miR-
21 was shuttled by exosomes (Figure 5E).

Discussion

In this study, we found that exercise increases
circulating miR-21 expression following SCI.
Down-regulating miR-21 expression by anta-
gomir-21 exacerbated functional deficiency,
tissue damage, and apoptosis. These results
showed that exercise protects against the dam-
age caused by spinal cord injury by up-regulat-
ing miR-21 expression levels, mainly shuttled in
the exosome.

Recently, studies have shown that miRNAs are
involved in the development and prognosis of
SCI through multiple mechanisms which are
associated with apoptosis, regeneration, in-
flammation, and demyelination [16]. Apoptosis,
a crucial pathway of cell death in many neuro-
logical diseases, is critical in SCI. Recent stud-
ies have shown that miR-21 exerts anti-apop-
totic effects in cancer cells [19], and its expres-
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sion is upregulated in some central nervous
system disease [7, 20]. There is also evidence
that miR-21 was upregulated 3 days following
SCI in rats [21]. Moreover, it has been shown
that miR-21 has protective effects in the injury
of different organs. For example, miR-21 ex-
pression was increased in the injured region
of myocardial infarction, which exerts a pro-
tective role [22]; miR-21 attenuated the apop-
tosis of cardiac cells induced by oxidative stre-
ss [23], and it was involved in ischemic pre-
conditioning-mediated cardiac protection [24].
Moreover, miR-21 expression was upregulated
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n=4. *P<0.01.

after traumatic brain injury [20, 25]. After
stroke, the overexpression of miR-21 protect-
ed neurons from ischemia by targeting Fasl
[26]. In a rat SCI model, inhibition of miR-21 by
antagomir-21 increased apoptosis [9]. Here,
we found that exercise upregulated circulating
miR-21 expression which contributes to exer-
cise’s protective effects against SCI.

PDCD4, a pro-apoptotic gene, is one of the
most widely researched miR-21 target genes.
Previous studies have suggested that PDCD4
can be modulated and targeted by miR-21 in
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breast cancer [32]. PDCD4 induces the apop-
tosis of pancreatic B cells, and this process is
regulated by miR-21 [28]. PDCD4 is also invol-
ved in cardiovascular function by regulating
the apoptosis of cardiomyocytes and vascular
smooth muscle cells [24]. Here, we found that
exercise exerted protective effect against SCI
through upregulating miR-21 and suppression
of PDCD4. PDCD4 is the target of miR-21 in
the exercise’s protection against SCI. These
results are consistent with previous studies,
indicating that miR-21 expression levels nega-
tively regulate PDCD4 gene expression, pro-
ving PDCD4 a target of miR-21. Therefore, ex-
ercise-modulated miR-21 protects against SCI
by retraining the pro-apoptotic PDCD4 gene
expression.

Conclusion

In conclusion, exercise significantly up-regula-
tes miR-21 expression in SCI rats. Additionally,
miR-21 most likely achieves the anti-apoptotic
effect by targeting PDCD4. Exercise protects
against the damage caused by SCI through
miR-21-mediated suppression of PDCDA4.
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Table S1. Sequence of agomiR-21, antigomiR-21, and controls

sequence
agomiR-21 5’-UAGCUUAUCAGACUGAUGUUGA-3’
agomiR-NC 5’-UCGUUAAUCGGCUAUAAUACGC-3’

antagomiR-21 5’-UCAACAUCAGUCUGAUAAGCUA-3’
antagomiR-NC 5’-ACCAUAUUGCGCGUAUAGUCGC-3’




