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Objective. Inflammation and oxidative stress are implicated in the pathogenesis of spinal cord injury (SCI). The present study is
aimed at investigating the function and molecular basis of microRNA-299a-5p (miR-299a-5p) during SCI in mice. Methods. Mice
were exposed to SCI surgery and then intrathecally injected with the agomir, antagomir, or matched negative controls of miR-
299a-5p to overexpress or silence miR-299a-5p. To inhibit AMP-activated protein kinase (AMPK), mice were intraperitoneally
injected with compound C (CC). To overexpress pH domain and leucine-rich repeat protein phosphatase 1 (PHLPP1),
lentiviral vectors were used. Results. The miR-299a-5p expression in the spinal cord was dramatically reduced by SCI
stimulation. The miR-299a-5p agomir prevents, while the miR-299a-5p antagomir exacerbates inflammation, oxidative stress,
and SCI in mice. Mechanistically, we found that miR-299a-5p directly inhibited PHLPP1 and subsequently activated AMPK
pathway. The PHLPP1 overexpression of AMPK inhibition with either genetic or pharmacologic methods dramatically
abolished the miR-299a-5p agomir-mediated protective effects against SCI. Conclusion. miR-299a-5p protects against spinal

cord injury through activating AMPK pathway.

1. Introduction

Spinal cord injury (SCI) is a devastating central nervous sys-
tem damage that can cause motor, sensory, and autonomic
dysfunction, while no effective therapies are currently avail-
able. Multiple mechanisms are implicated in the pathogene-
sis of SCI, including inflammation and oxidative stress.
Upon SCI, microglia cells, the resident macrophages in the
spinal cord, are activated and then produce massive proin-
flammatory cytokines, resulting in inflammatory damage
and leukocyte infiltration [1, 2]. In addition, the blood-
spinal cord barrier (BSCB) is severely disrupted immediately
after SCI and lasting for at least 28 days, which also exacer-
bates tissue edema, leukocyte extravasation, and inflamma-
tion [3]. Moreover, the level of reactive oxygen species
(ROS) in the spinal cord is elevated by SCI and contributes
to the progression of SCI by triggering peroxidation of lipid,
protein, and nucleic acid [2, 4]. Based on these contexts, it is
desirable to prevent SCI through targeting inflammation and
oxidative stress.

AMP-activated protein kinase (AMPK) is a serine/threo-
nine protein kinase and mainly involves in regulating cellu-
lar energy homeostasis. In addition, it also participates in
some other biological processes, such as inflammation and
oxidative stress [5-8]. Emerging studies have demonstrated
that AMPK activation effectively inhibits the phosphoryla-
tion and activation of nuclear factor-«B (NF-«B), thereby
preventing SCI-induced inflammation and motor dysfunc-
tion [9]. Besides, AMPK activation could also suppress the
activation of nucleotide-binding domain-like receptor pro-
tein 3 (NLRP3) inflammasome, an intracellular multiprotein
complex to promote the processing, maturation, and secre-
tion of multiple proinflammatory cytokines [10, 11]. Tran-
scriptional factor nuclear factor E2-related factor 2 (NRF2)
plays an important role in maintaining cellular redox
homeostasis through increasing the expression of antioxi-
dant enzymes, including NAD (P)H: quinone oxidoreduc-
tase 1 (NQOL1), superoxide dismutase 2 (SOD2), and
catalase (CAT) [12, 13]. Hu et al. recently identified that
AMPK activation dramatically elevated the NRF2 expression
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and eventually reduced SCI-induced oxidative stress and
functional impairment [14]. Therefore, finding novel regula-
tors of AMPK, especially endogenous activators, is critical to
treat SCL

MicroRNAs (miRs) are endogenous small noncoding
RNAs to regulate gene expressions through binding to the
3'_untranslational region (3'-UTR) of targeted messenger
RNAs, and they are shown to be responsible for the progres-
sion of SCI [15-17]. Most studies about miR-299a-5p
mainly focus on its role in regulating tumor growth and che-
motherapy sensitivity; however, its function and molecular
basis during SCI remain unclear [18]. Sun et al. previously
revealed a correlation between miR-299a-5p and sepsis-
related inflammation and acute kidney injury [19]. And
the predicted targets of miR-299a-5p are known to affect
inflammation and oxidative stress [20]. Based on these
results, we hypothesize that miR-299a-5p may be implicated
in the pathogenesis of inflammation, oxidative stress, and
SCI in mice.

2. Materials and Methods

2.1. Chemicals. Compound C (CC, #S7840) was purchased
from Selleck Chemicals (Houston, TX, USA). Evans blue
dye (#E2129), 2',7'-dichlorofluorescin diacetate (DCFH-
DA, #D6883), and lucigenin (#M8010) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Amplex™ Red Hydro-
gen Peroxide/Peroxidase Assay Kit (#A22188) and NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents
(#78833) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Commercial kits to detect myeloper-
oxidase (MPO, #abl155458), malondialdehyde (MDA,
#ab118970), 3-nitrotyrosine (3-NT, #abl116691), 8-
hydroxy-2-deoxyguanosine (8-OHdG, #ab201734), total
SOD (#ab65354) activity, total antioxidant capacity
(#ab65329), and capase-1 (caspl, #ab273268) activity were
purchased from Abcam (Cambridge, UK). Interleukin-6
(IL-6, #M6000B), tumor necrosis factor-a (TNF-q,
#MTAOQ0B), IL-18 (#MLB0OC), and IL-18 (#7625) ELISA
kits were purchased from R&D Systems (Minneapolis, MN,
USA). TransAM® NF-xB p65 assay kit (#40096) and
TransAM NRF2 assay kit (#50296) were obtained from
Active Motif (Carlsbad, CA, USA). The following primary
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA): anti-phospho-NF-xB p65 (p-p65,
#3033), anti-total p65 (t-p65, #8242), anti-p-AMPK
(#2535), and anti-t-AMPK  (#5831). Anti-NLRP3
(#ab263899), anti-apoptosis-associated speck-like protein
(ASC, #ab47092), anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, #ab8245), and anti-NRF2 (#ab62352)
were purchased from Abcam. Anti-caspl pl0 (#sc-56036)
was purchased from Santa Cruz Biotechnology (Dallas,
Texas, USA), while anti-pH domain and leucine-rich repeat
protein phosphatase 1 (PHLPP1, #67640-1-Ig) were pur-
chased from Proteintech Group, Inc. (Rosemont, IL, USA).
The micrON mmu-miR-299a-5p agomir (#¥miR40000377-
4-5), agomir negative control (agomir-NC,
#miR4N0000001-4-5), micrOFF mmu-miR-299a-5p antago-
mir (#miR30000377-4-5), and antagomir-NC
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(#miR3N0000001-4-5) were purchased from Guangzhou
RiboBio Co., Ltd. (Guangzhou, China). Lentivirus carrying
the full-length mouse PHLPP1 (NM_133821.3) or the
scramble control (Ctrl) was synthetized by Shanghai Gene-
chem Co., Ltd. (Shanghai, China).

2.2. Animals. Twelve-week-old male C57BL/6 mice were
group-housed at five per cage with free access to food and
water in a 12/12h light-dark cycle at 22-25°C, and the feed-
ing conditions were kept in a specific pathogen-free barrier
system at Wuhan University. Animal experimental proce-
dures were approved by the Ethics Committee of Zhongnan
Hospital of Wuhan University (Approval no. ZN2022099).
The SCI mouse model was established according to previous
studies [2, 21]. Briefly, mice were anesthetized by isoflurane
and received a laminectomy with the spinal cord exposed at
the T8 vertebral level. Then, the vertebral column was stabi-
lized and subjected to a 60 kdyn contusion using the Infinite
Horizons Impactor (Precision Systems and Instrumentation,
Fairfax Station, VA, USA). The successful surgery was con-
firmed by the trembled body, stretched and turned legs,
and dropped tail. Penicillin sodium solution was adminis-
tered once daily for 3 consecutive days postsurgery for disin-
fection, and 2 mL sterile saline was subcutaneously injected
to help rehydration. After SCI, bladders were manually
voided twice daily until bladder function was restored. In
the sham-operated groups, mice were exposed to a laminect-
omy at the T8 vertebral level without injury. To overexpress
or inhibit miR-299a-5p, mice were intrathecally injected
with the agomir, antagomir, or matched NC of miR-299a-
5p at a dose of 0.5nmol per mouse according to previous
studies [17, 22]. To inhibit AMPK, 20 mg/kg CC was intra-
peritoneally injected once two days from 1 week before SCI
surgery [10]. To overexpress PHLPP1, SCI mice were
injected with 2 uL lentivirus (1 x 10 TU/mL) at rostral and
caudal sites 3mm from the lesion epicenter with approxi-
mately 0.5mm in depth [23]. All mice were sacrificed 7 days
after SCI surgery for molecular detection except special
annotations.

2.3. Behavioral Analysis and Sensitivity to Mechanical and
Thermal Stimulation. Basso Mouse Scale (BMS) score was
calculated before or at 1, 3, 7, 14, and 28 days after SCI to
evaluate hindlimb function as previously described [3, 21].
In brief, mice were placed in an open field, and the posterior
ankle joint mobility, trunk position and stability, coordina-
tion of front and rear limbs, paw posture, toe clearance,
and tail position were recorded by two observers blind to
the experimental condition, from 0 (no ankle movement)
to 9 (normal gait) for scoring. Mechanical allodynia and
thermal sensitivity were measured according to a previous
study at 28 days after SCI [2].

2.4. Evaluation of BSCB Permeability. BSCB permeability
was evaluated by measuring the extravasation of Evans blue
dye at 28 days after SCI as previously described [3]. Briefly,
mice were intravenously injected with 2% Evans blue dye
and allowed circulating for 3 h. Next, the spinal cord lesion
was collected, homogenized, and incubated in 50%
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trichloroacetic acid solution at 60°C for 24 h. After that, the
supernatants were collected and detected at 620 nm excita-
tion and 680 emission using a spectrophotometer.

2.5. Quantitative Real-Time PCR. Total RNA was extracted
using TRIzol Reagent (Thermo Fisher Scientific), and then
2 ug total RNA was reversely transcribed to cDNA using
the first strand cDNA synthesis kit (Roche, Base, Switzer-
land) according to previous studies [24-26]. Quantitative
real-time PCR was then done using the SYBR Green Master
mix (Roche) on the LightCycler 480 system (Roche), and
GAPDH as well as U6 was selected as the internal controls
for mRNA or miRNA, respectively. Relative mRNA levels
were calculated using 2**“* formula. The thermocycling
conditions were provided as below: 95°C for 30 sec, 40 cycles
at 95°C for 5sec, and 60°C for 30 sec. The primer sequences
were provided as below: miR-299a-5p, forward, 5'-ACAC
TCCAGCTGGGTGGTTTACCGTCCCAC-3" and reverse,
5'-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG
AGATGTATGT-3'; U6, forward, 5'-CTCGCTTCGGCAGC
ACA-3" and reverse, 5'-AACGCTTCACGAATTTGCGT-
3'; NQO-1, forward, 5'-AGGATGGGAGGTACTCGAA
TC-3' and reverse, 5' - AGGCGTCCTTCCTTATATGCTA-
3'; SOD2, forward, 5'-CAGACCTGCCTTACGACTA
TGG-3' and reverse, 5 -CTCGGTGGCGTTGAGATTG
TT-3'; CAT, forward, 5 -AGCGACCAGATGAAGC
AGTG-3' and reverse, 5'-TCCGCTCTCTGTCAAAGTG
TG-3'; PHLPP1, forward, 5 -AGGGTCCCGGAGACGA
TAAG-3' and reverse, 5'-AGGGCGGAGATGTCTTTTG
C-3'; GAPDH, forward, 5'-AGGTCGGTGTGAACGGATT
TG-3' and reverse, 5'-TGTAGACCATGTAGTTGAGGT
CA-3'.

2.6. Western Blot. Total proteins were extracted using RIPA
lysis buffer containing protease/phosphatase inhibitor cock-
tail, and the concentrations were quantified by Pierce™ BCA
Protein Assay kit as previously described [27-30]. Then, the
proteins were separated by 10% SDS-PAGE, transferred
onto PVDF membranes, and incubated with the primary
antibodies at 4°C overnight. On the second day, the mem-
branes were incubated with horseradish peroxidase-
conjugated secondary antibodies and then visualized using
the electrochemiluminescence detection system on a Chemi-
Doc XRS+ Image System (Bio-Rad; Hercules, California,
USA). Next, the images were analyzed using Image Lab soft-
ware (Version 6.0) and normalized to match total proteins
or GAPDH.

2.7. Analysis of ROS Level. The level of intracellular ROS
level was measured using DCFH-DA probe as previously
described by us and the others [25, 31, 32]. Briefly, the spinal
cord was homogenized and incubated with 50 gumol/L
DCFH-DA solution at 37°C for 30 min, and then the fluores-
cent intensities were determined at 504/524nm to evaluate
intracellular ROS level. To evaluate the level of hydrogen
peroxide, the spinal cord was homogenized and reacted with
the Amplex™ Red reagent according to the manufacturer’s

instructions, with the absorbance measured at 560 nm.
Superoxide anion was quantified by incubating with
5mmol/L lucigenin at 37°C for 10min, and the lumines-
cence intensity was measured at 30 sec intervals for 3-5 min.

2.8. Biochemical Analysis. The activities of MPO, caspl
activity, total SOD, and TAOC were determined by com-
mercial kits according to the manufacturer’s instructions.
To evaluate NF-x¥B and NRF2 transcriptional activities,
nuclear extracts were prepared using the NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents and then incubated
with the TransAM® NF-«B p65 Kit or TransAM NRF2 Kit.
In separated studies, the fresh spinal cord homogenates were
exposed to enzyme-linked immunosorbent assay (ELISA)
detection of the IL-6, TNF-«, IL-1p3, and IL-18 using com-
mercial ELISA kits. The levels of MDA, 3-NT, and 8-
OHAG were determined as previously described by us and
the others [25, 31, 33].

2.9. Luciferase Reporter Assay. The wild type and truncated
3'-UTR of PHLPP1 across the seed binding region (NM_
133821.3) were obtained from GeneCopoeia (Rockville,
MD, USA) and amplified using PCR, which were then
cloned into the pGL3-Basic plasmid (Promega, Madison,
Wisconsin, USA) downstream of the luciferase reporter
gene. Next, these plasmids as well as pRL-TK plasmid were
transfected into HEK293T cells with or without the miR-
299a-5p agomir using Lipofectamine 3000 for 48h. The
luciferase activity was measured using the Dual-Luciferase
Report Assay System (Promega) as we recently described,
and changes in the ratio of firefly luciferase and Renilla lucif-
erase were measured to evaluate the interaction between
miR-299a-5p and PHLPP1 3'-UTR [25, 34, 35].

2.10. Statistical Analysis. Data are expressed as the mean +
standard deviation and analyzed using SPSS 23.0 software.
Two-tailed unpaired Student’s t-test was used to compare
2 groups, while one-way analysis of variance (ANOVA)
followed by the Tukey posthoc test was conducted to com-
pare the differences among 3 or more groups. Before one-
way ANOVA analysis, Gaussian distribution was conducted
using D’Agostino and Pearson omnibus normality test. P
< 0.05 was considered statistically significant.

3. Results

3.1. The miR-299a-5p Agomir Prevents SCI in Mice. We first
detect the alteration of miR-299a-5p level during SCI. As
shown in Figure 1(a), the miR-299a-5p expression in the spi-
nal cord was dramatically reduced by SCI stimulation but
partially restored at 14 or 28 days after SCI. To investigate
the function of miR-299a-5p, mice were treated with the
miR-299a-5p agomir to overexpression its expression in
the spinal cord (Figure 1(b)). BMS scoring data indicated
that treatment with the miR-299a-5p agomir significantly
prevented SCl-induced motor dysfunction in mice
(Figure 1(c)). In addition, the hypersensitivity to mechanical
and thermal stimulation in SCI mice was also improved by
the miR-299a-5p agomir, as determined by the enhanced



Oxidative Medicine and Cellular Longevity

124 6 -
g 3
o, 0.8 1 = 41
0 L
3 &
g g
N i A |
5 04 9 2
E Lol ¢.ln
0 0
e 1 3 7 14 28
< e —
= Days after SCI
(a) (b)
91 . N
124
I T *
: 6 ] 2 g
2 It E
M 31 2 \
=
0 y
g 1 3 7 14 28 |
<
5 Days after SCI Sham  SCI
o Agomir-NC g ﬁgom%r—NC
o~ Agomir gomir
(] (d)
* *_ * Sk
12 20 -
)
© = 15 -
= 8- \%‘f
o
& 2 10
= =)
Z 4- 2
] < i
’l‘ : ﬂﬂ

Sham
(e)

SCI Sham

®)

SCI

F1GURE 1: The miR-299a-5p agomir prevents SCI in mice. (a) The expression of miR-299a-5p in the spinal cord after SCI. (b) The expression
of miR-299a-5p in mice treated with the miR-299a-5p agomir or agomir-NC. (c) BMS score. (d, ) Sensitivities to mechanical and thermal
stimulation. (f) Extravasation of Evans blue dye. n =6 for each groups. Data are expressed as the mean + standard deviation, and P < 0.05

was considered statistically significant.

mechanical response threshold (MRT) and thermal with-
drawal latency (TWL) (Figures 1(d) and 1(e)). BSCB disrup-
tion contributes to the progression of SCI, and accordingly,
we identified a significant leakage of Evans blue dye in SCI
mice, which could be alleviated by the miR-299a-5p agomir
(Figure 1(f)). Collectively, we demonstrate that the miR-
299a-5p agomir prevents SCI in mice.

3.2. The miR-299a-5p Antagomir Exacerbates SCI in Mice.
We then investigated whether downregulating the miR-
299a-5p expression could further aggravated SCI in mice
by treating mice with the miR-299a-5p antagomir
(Figure 2(a)). As shown in Figure 2(b), the miR-299a-5p
antagomir did not affect motor function under basal condi-
tions but dramatically delayed the recovery of motor func-
tion in SCI mice. SCI-induced mechanical allodynia and
thermal hypersensitivity were also exacerbated by the miR-

299a-5p antagomir (Figure 2(c)). Moreover, treatment with
the miR-299a-5p antagomir further disrupted BSCB integ-
rity upon SCI surgery, as evidenced by the increased leakage
of Evans blue dye (Figure 2(d)). Collectively, we demonstrate
that the miR-299a-5p antagomir exacerbates SCI in mice.

3.3. The miR-299a-5p Agomir Inhibits SCI-Induced
Inflammation and NLRP3 Inflammasome. Inflammation
contributes to the progression of SCI, and we then evaluated
whether it is involved in the protective role against SCI by
the miR-299a-5p agomir. MPO activity, an index to deter-
mine neutrophils infiltration, was significantly increased in
SCI mice but decreased in those treated with the miR-
299a-5p agomir (Figure 3(a)). And the miR-299a-5p agomir
also reduced IL-6 and TNF-« levels in the spinal cord from
SCI mice (Figure 3(b)). NF-xB is a central transcriptional
factor to elicit the expression of multiple proinflammatory
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cytokines, and its activation accelerates the development of
SCI [3, 36]. And we found that treatment with the miR-
299a-5p agomir dramatically suppressed p65 phosphoryla-
tion and activation (Figures 3(c) and 3(d)). NLRP3 inflam-
masome is essential for the processing, maturation, and
secretion of intracellular proinflammatory cytokines (e.g.,
IL-1f3 and IL-18) and participates SCI-induced inflamma-
tion and motor dysfunction [2, 37]. Intriguingly, the expres-
sion and activity of NLRP3 inflammasome components were
evidently reduced in the miR-299a-5p agomir-treated SCI
mice, as determined by the decreased NLRP3, ASC, and
caspl pl0 expression and caspl activity (Figures 3(e) and
3(f)). Accordingly, the levels of IL-1 and IL-18 in SCI mice
were also reduced by the miR-299a-5p agomir (Figure 3(g)).
Taken together, our findings reveal that the miR-299a-5p
agomir inhibits SCI-induced inflammation and NLRP3
inflammasome.

3.4. The miR-299a-5p Agomir Suppresses SCI-Induced
Oxidative Stress. Oxidative stress is another feature and
pathological factor of SCI. As expected, SCI surgery signifi-
cantly increased the level of ROS in the spinal cord, as indi-
cated by the elevated ROS, hydrogen peroxide, and
superoxide anion levels, which were all reduced in the pres-
ence of the miR-299a-5p agomir (Figures 4(a) and 4(b)).
Excessive ROS triggers peroxidation of lipid, protein, and
nucleic acid, eventually leading neuron loss and motor dys-
function during SCI. As shown in Figure 4(c), treatment
with the miR-299a-5p agomir significantly reduced the levels

of MDA, 3-NT, and 8-OHdG. NRF2 plays critical roles in
orchestrating the transcription of various antioxidant
enzymes, and its suppression contributes to the progression
of SCI. In line with the decreased oxidative stress, we found
that the miR-299a-5p agomir dramatically restored the
NRF2 expression in SCI mice (Figures 4(d) and 4(e)).
Besides, NRF2 transcriptional activity was enhanced in the
miR-299a-5p agomir-treated SCI mice, as further confirmed
by the increased mRNA levels of downstream targets,
including NQO-1, SOD2, and CAT (Figures 4(f) and 4(g)).
Accordingly, SCI-induced suppression on TAOC and total
SOD activity was significantly prevented by the miR-299a-
5p agomir (Figure 4(h)). These data indicate that the miR-
299a-5p agomir suppresses SCI-induced oxidative stress.

3.5. The miR-299a-5p Antagomir Exacerbates SCI-Induced
Inflammation and Oxidative Stress. In contrast with the pro-
tective phenotypes in the miR-299a-5p agomir-treated SCI
mice, we found that treatment with the miR-299a-5p antag-
omir significantly promoted neutrophil infiltration to the
spinal cord upon SCI stimulation (Figure 5(a)). Accordingly,
SCI-induced elevations of IL-6, TNF-«, IL-1f3, and IL-18
levels were also amplified in the presence of the miR-299a-
5p antagomir (Figures 5(b) and 5(c)). In addition, the
miR-299a-5p antagomir-treated mice also exhibited
increased oxidative stress under SCI stress, as evidenced by
the increased ROS, MDA, 3-NT, and 8-OHdG productions
and decreased TAOC level (Figures 5(d)-5(f)). Yet, no dif-
ference of survival rate was observed between groups (data
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not shown). Taken together, we suppose that the miR-299a-
5p antagomir exacerbates SCIl-induced inflammation and
oxidative stress.

3.6. The miR-299a-5p Agomir Protects against SCI in Mice
through Activating AMPK. Given the multifunctional role
of AMPK and its involvement in the pathogenesis of SCI,
we then tried to investigate whether the miR-299a-5p ago-
mir prevented SCI through activating AMPK. As shown in
Figures 6(a) and 6(b), the miR-299a-5p agomir increased,
while the miR-299a-5p antagomir decreased AMPK phos-
phorylation in SCI mice. To further validate the necessity

of AMPK, SCI mice were treated with CC to inhibit AMPK.
Intriguingly, CC treatment completely blocked the inhibi-
tory role of the miR-299a-5p agomir on SCI-induced inflam-
mation, as evidenced by the increased IL-6, TNF-a, IL-1,
and IL-18 levels (Figures 6(c) and 6(d)). In addition, the
miR-299a-5p agomir failed to suppress oxidative stress in
SCI mice in the presence with CC (Figures 6(e) and 6(f)).
In line with the molecular alterations, CC treatment abro-
gated the miR-299a-5p agomir-mediated protections against
SCI-induced motor dysfunction, mechanical allodynia, and
thermal hypersensitivity (Figures 6(g) and 6(h)). And BSCB
disruption was further exacerbated in the miR-299a-5p
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significant.

agomir-treated SCI mice by CC, as confirmed by the
increased Evans blue leakage to spinal cord (Figure 6(i)).
Our findings suggest that the miR-299a-5p agomir protects
against SCI in mice through activating AMPK.

3.7. The miR-299a-5p Agomir Activates AMPK through
Downregulating PHLPPI. Finally, we explored the possible
mechanism through which the miR-299a-5p agomir acti-

vated AMPK. Using the online TargetScan software,
PHLPP1 was selected for further investigation due to its role
in dephosphorylating AMPK and tissue injury [38, 39]. As
shown in Figure 7(a), a conserved binding site was found
in the PHLPP1 3'-UTR. And results using luciferase
reporter assay further validate the directly interaction
between miR-299a-5p and PHLPP1 3'-UTR (Figure 7(b)).
In addition, the protein and mRNA levels of PHLPPI in
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SCI mice were decreased by the miR-299a-5p agomir, while
increased by the miR-299a-5p antagomir (Figures 7(c)-
7(e)). To validate the necessity of PHLPP1 in regulating
AMPK by miR-299a-5p, mice were injected with lentiviral
vectors to overexpress PHLPPI in vivo, and the efficiency
was presented in Figure 7(f). As shown in Figure 7(g), the
PHLPP1 overexpression completely abrogated the miR-
299a-5p agomir-mediated AMPK activation in SCI mice.
And the antiinflammatory and antioxidant capacities of the
miR-299a-5p agomir were blocked in PHLPPI-
overexpressed SCI mice (Figures 7(h) and 7(i)). Accordingly,
the PHLPP1 overexpression abolished the miR-299a-5p
agomir-mediated protective effects against SCI-induced
motor dysfunction, mechanical allodynia, and thermal
hypersensitivity (Figures 7(j)-7(1)). And BSCB disruption
was further exacerbated in the miR-299a-5p agomir-treated
SCI mice by the PHLPP1 overexpression (Figure 7(m)). In
general, we prove that the miR-299a-5p agomir activates
AMPK through downregulating PHLPP1.

4. Discussion

SCI is a devastating neurotrauma with severe and insuffer-
able sequelae, such as motor deficits, neuropathic pain, and
hypersensitivity. The present study found that the miR-
299a-5p expression was downregulated during SCI, and that
the miR-299a-5p agomir dramatically prevented SCI-
induced inflammation, oxidative stress, and motor and sen-
sory dysfunction. Conversely, treatment with the miR-299a-
5p antagomir further exacerbated SCI in mice. Mechanisti-
cally, we observed that the miR-299a-5p agomir activated,
while the miR-299a-5p antagomir inhibited AMPK pathway
in SCI mice, and that AMPK inhibitor completely blocked
the beneficial effects of the miR-299a-5p agomir in vivo.
Further findings identified a conserved binding site of
miR-299a-5p in PHLPP1 3'_UTR, and treatment with the
miR-299a-5p agomir significantly decreased the PHLPP1
expression in SCI mice. Yet, the PHLPP1 overexpression
blocked AMPK activation by the miR-299a-5p agomir in
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SCI mice, accompanied by an increased inflammation and
oxidative stress. To the best of our knowledge, this is the
first study about the pathophysiological role and molecular
basis of miR-299a-5p during SCI progression.
Inflammation, manifested as extensive microglia cell
activation and infiltrations of leukocytes, is a key feature
and pathogenic factor of SCI [1]. Upon SCI, microglia cells

are activated to synthetize multiple proinflammatory cyto-
kines, which in turn recruit the infiltration of peripheral
immune cells to the lesion and further amplify the inflam-
matory response [40]. The BSCB plays critical roles in con-
trolling the movement of molecules, liquids, or cells
between blood vessels and spinal cord, and its structural
and functional integrities are required for the
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statistically significant.

microenvironment homeostasis of the spinal cord. However,
BSCB breakdown occurs as early as 5 min after SCI, accom-
panied by the infiltration of neutrophils and macrophages to
the spinal cord [41]. The present study demonstrated that
treatment with the miR-299a-5p agomir could prevent
SCI-induced BSCB disruption and tissue inflammation in
mice. NLRP3 inflammasome is essential for the processing
and maturation of proinflammatory cytokines, and its acti-
vation contributes to SCI progression. Previous studies have
shown that NLRP3 inactivation dramatically protects
against motor dysfunction and sensory hypersensitivity in
SCI mice [2, 4]. Consistently, we herein observed that SCI-
induced activation of NLRP3 inflammasome was blunted
by the miR-299a-5p agomir, accompanied by reduced IL-
1 and IL-18 expressions in the spinal cord. Apart from
inflammation, excessive ROS functions as another contribu-
tor of SCL Findings from us and other laboratories have
shown that the endogenous antioxidant capacities were sup-
pressed by SCI surgery, followed by uncontrolled ROS gen-
eration [2, 3]. In addition, neurons in the spinal cord are
especially vulnerable to free radicals due to the negligible
regenerative capacities. Moreover, ROS overproduction also
triggers the dissociation of thioredoxin interacting protein
from thioredoxin, which subsequently interacts with and
activates NLRP3 inflammasome [42]. Our findings revealed
that SCI-induced inflammation and oxidative stress were
dramatically reduced by the miR-299a-5p agomir.
miR-299a-5p is identified as a tumor suppressor in vari-
ous human cancers, including breast cancer, hepatocellular
cancer, thyroid cancer, and colorectal cancer [18, 43]. Yet,
very few studies have been down in the context of noncancer
diseases. Huang et al. previously demonstrated that miR-
299a-5p was downregulated in human islets and f-cell
under glucolipotoxic conditions, and that miR-299a-5p inhi-
bition promoted f-cell apoptosis and impaired S-cell func-

tion in glucolipotoxic settings [44]. Herein, we found that
the miR-299a-5p expression was decreased in the spinal
cord upon SCI stimulation. The miR-299a-5p agomir allevi-
ated, while the miR-299a-5p antagomir further exacerbated
inflammation, oxidative stress, motor dysfunction, and sen-
sory hypersensitivity in SCI mice. Mechanistically, we iden-
tified PHLPP1 as a direct target of miR-299a-5p in
regulating AMPK and SCI. PHLPP1 is a novel serine/threo-
nine protein phosphatase and directly dephosphorylates
many downstream kinases, such as AKT and STATI1 [39,
45]. Behera et al. previously demonstrated that PHLPP1 also
interacted with and directly dephosphorylated AMPK
Thr172 in myoblasts without influencing its conventional
upstream kinase [38]. Consistently, Balamurugan et al.
recently also found that the overexpression of PHLPP1 sig-
nificantly reduced the phosphorylation of AMPK Thr172
[46]. PHLPP1 is traditionally identified to participate in
the pathogenesis of various human tumors; however, emerg-
ing studies reveal that it also plays critical roles in regulating
inflammation, oxidative stress, and tissue injury. Wen et al.
previously demonstrated that PHLPP1 deletion protected
intestinal epithelial cells against inflammation-induced apo-
ptosis and improved colitis in mice [47]. And PHLPP1 defi-
ciency also reduced inflammation and prevented
cardiomyocyte death and cardiac dysfunction [48]. Consis-
tently, we found that PHLPP1 suppression evidently blocked
SCI-induced inflammation and NLRP3 inflammasome in
mice. Additionally, Mathur et al. found that PHLPP1 silence
enhanced NRF2 expression and nuclear localization, thereby
alleviating high glucose-induced oxidative stress and apo-
ptosis during diabetic nephropathy [49]. And results from
Zhang et al. also indicated that PHLPP1 knockdown pro-
moted the nuclear expression and transcriptional activity
of NRF2, preventing oxidative stress and apoptosis in high
glucose-treated retinal ganglion cells [50]. In line with these
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findings, we also found that PHLPP1 inhibition by the miR-
299a-5p agomir significantly elevated the NRF2 expression
and transcriptional activity in SCI mice, thereby reducing
oxidative damage in SCI mice.

In summary, our study identifies an involvement of miR-

299a-5p in SCI progression.
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Data supporting the findings of this work are available from
the corresponding author upon reasonable request.
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