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Abstract

Zinc has reported to play a neuroprotective role in the development of spinal cord injury (SCI). The protective mechanism
of zinc remains to be uncovered. The aim of the current study was to investigate the neuroprotective mechanism of zinc in
the progression of SCI. The C57BL/6J mouse SCI model was established to confirm the protective role of zinc in vivo, while
the cellular model was induced in mouse microglial BV2 cells by using lipopolysaccharide (LPS). The expression levels of
XIST, miR-374a-5p and NLRP3 inflammasome as well as the autophagy-related proteins were detected using real-time PCR
and immunoblotting. Cell viability was assessed by CCK-8 assay. Apoptosis was evaluated by TUNEL staining, flow cytom-
etry, the determination of apoptosis-related proteins. The target relationship was confirmed by luciferase reporter assays.
Zinc improved locomotor function in SCI mice and alleviated LPS-induced BV2 cell injuries by inhibiting apoptosis and
initiating autophagy processes. XIST and NLRP3 inflammasome was upregulated while miR-374a-5p was downregulated
in spinal cords of SCI mice and LPS-treated BV2 cells. All these effects were inhibited by Zinc treatment. XIST knockdown
triggered microglial autophagy-mediated NLRP3 inactivation in LPS-induced BV?2 cells by regulating miR-374a-5p. Zinc
treatment protected BV2 cells from LPS-induced cell injury by the downregulation of XIST. This process might be through
autophagy-mediated NLRP3 inflammasome inactivation by targeting miR-374a-5p. Zinc downregulates XIST and induces
neuroprotective effects against SCI by promoting microglial autophagy-induced NLRP3 inflammasome inactivation through
regulating miR-374a-5p. Our finding provides novel opportunities for the understanding of zinc-related therapy of SCI.
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Abbreviations DAB Diaminobenzidine
SCI Spinal cord injury SD Standard deviation
LPS Lipopolysaccharide

IncRNA Long non-coding RNA

HIE Hypoxic-ischemic encephalopathy Introduction

BBB Beattie and Bresnahan

Spinal cord injury (SCI) is a devastating neurological dis-
order involving the temporary or permanent loss of the
motor, sensory and autonomic function [1]. Due to the lack
of therapeutic drugs and limited understanding of its patho-
genesis, there is no direct and effective treatment for SCI [2,
3]. Therapeutic activation of autophagy plays a protective
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role in the management of SCI [4].

As an essential trace element, zinc participates in the
regulation of various enzymes and proteins, playing a
momentous role in diverse physiological and pathological
events, such as bone remodeling [5], immunoregulation [6],
and endocrine modulation [7]. Recent studies have shown
that zinc supplementation can reduce neuronal impairment
and promote functional recovery after SCI [8, 9]. More
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importantly, we have previously demonstrated that zinc
exerts a neuroprotective effect against SCI by augmenting
microglial autophagy through inhibiting NLRP3 inflamma-
some activation [10]. However, the neuroprotective mecha-
nism by which zinc mediated autophagy-induced NLRP3
inflammasome inactivation in the progression of SCI needs
to be further explored.

XIST is a widely reported long non-coding RNA
(IncRNA) in SCI, which has been shown to promote micro-
glial apoptosis, inflammatory response and neuronal apop-
tosis [11, 12]. According to the bioinformatics analysis,
miR-374a-5p was predicted as a downstream target of XIST.
In a previous study, Chen et al. reported that miR-374a-5p
provided neuroprotective and anti-inflammatory effects in
neonatal hypoxic-ischemic encephalopathy (HIE) via the
inhibition of NLRP3 inflammasome [13]. To sum up, it is
reasonable to speculate that zinc may lead to the silencing
of XIST with subsequent upregulation of miR-374a-5p,
which in turn inhibit the activation of NLRP3 inflammatory
signals, thereby leading to microglial autophagy and SCI
amelioration.

Materials and Methods
Animals and Experimental Design

A total of 18 adult 8-week-old C57BL/6J mice (9 males and
9 females) were randomly divided into Sham group, SCI
model group, and Zinc-treated group, with 6 animals in
each group. Animal experiments were approved by the Ani-
mal Care and Use Committees of Jinzhou Medical College
(approval number: SYXK2019-0007). The SCI mouse model
was established by extradural compression. Briefly, the mice
were anesthetized with 10% chloral hydrate (0.3 mL/100 g)
and 0.03 mg/kg fentanyl (Sigma-Aldrich, St. Louis, MO,
USA) [10, 14], and a laminectomy was performed at the
T9-T10 level, followed by routine suture. Sham-operated
mice were subjected to the same surgical procedure except
spinal contusion. At postoperative 2 h, Zinc gluconate (Bio-
topped, Beijing, China) with a dose of 30 mg/kg was injected
intraperitoneally [8, 10, 15], once daily for 3 days. Simul-
taneously, mice in the SCI group received an equal volume
of isotonic glucose. The motor function was assessed by
the Basso, Beattie and Bresnahan (BBB) scores that were
graded on a scale of 0-21 [16]. Spinal cord tissues were
collected for the following experiments.

Hematoxylin and Eosin (HE) Staining
Spinal cord tissues were fixed in the same perfusate at 4 °C

for 72 h, and cut into 4 um thickness per section. PBS was
washed and fixed in 4% paraformaldehyde, then dehydrated,

embedded and sliced. The sections were HE-stained using
standard methods (0.5% hematoxylin for 5 min at 25 °C;
0.5% eosin for 1 min at 25 °C), imaged with a microscope
(Olympus, Tokyo; Japan) at X40 magnification.

TUNEL Staining

The technique of TUNEL staining is useful to evaluate the
cell apoptosis in the spinal cords of mice and BV2 cells.
Formalin-fixed, paraffin-embedded spinal cords were cut
into 5-um thick sections, de-paraffinized with xylene and
dehydrated with gradient ethanol. After washed with PBS,
sections were digested by DNase-free Proteinase K for anti-
gen retrieval, incubated with 3% H,0, in PBS for 20 min at
room temperature, and prepared for TUNEL reaction using a
commercial kit (Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s guidelines. Samples were
then counterstained with 4'-6-diamidino-2-phenylindole
(DAPI), and the TUNEL-positive cells were counted under
a microscope (Olympus, Tokyo; Japan) at X400 magnifica-
tion. For cell immunofluorescence staining, BV2 microglial
cells were collected and washed with cold PBS. After fixa-
tion with 4% paraformaldehyde for 30 min and two washes
with PBS for 2 min, the cells were incubated for 1 h with a
TUNEL mixture. The TUNEL-stained cells were visualized
with a fluorescence microscope.

Cell Culture, Transfection and Treatment

DMEM (Life Technologies, Carlsbad, CA, USA) containing
10% fetal bovine serum was used to incubate mouse micro-
glial BV2 cells purchased from American Type Culture Col-
lection (Manassas, VA, USA). Prior to transfection, BV2
cells were cultured in 6-well plates until they were 90% con-
fluent. The pcDNA3.1-XIST, si-XIST, miR-374a-5p mimic,
inhibitor, and corresponding negative controls, synthesized
by GenePharma Co., Ltd. (Shanghai, China) were trans-
fected into BV2 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). At 48 h after transfection, transfection
efficiency was assessed by fluorescent microscopy and flow
cytometry as the frequency of cells positive for green fluo-
rescent. At 48 h posttransfection, BV2 cells were stimulated
with LPS (1 pg/mL) combined with ATP (5 mmol/L) for 6 h
or treated with zinc gluconate (100 umol/L) for 6 h.

Luciferase Reporter Assay

The method of luciferase reporter assay is useful to deter-
mine the interaction between XIST and miR-374a-5p. Using
Lipofectamine 2000, BV2 cells were co-transfected with the
wild-type/mutated XIST reporter plasmids and miR-374a-5p
mimic or miR-NC. Dual Luciferase Reporter Assay System
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(Promega, Madison, WI, USA) was used for the luciferase
assays.

Quantitative RT-PCR Analysis

Total RNA was extracted from spinal cord tissues and cul-
tured cells using Trizol reagent (Invitrogen) and reversely
transcribed to cDNA using Primer-Script TM one step RT-
PCR kit (Takara, Shiga, Japan). To quantify the expression
of XIST, miR-374a-5p and NLRP3, real time PCR was
performed using SYBR Green I real time PCR kit (CoWin
Bioscience Co., Beijing, China).

Western Blot

Total proteins were extracted from tissues and cultured cells
using Radio-Immunoprecipitation Assay (RIPA) buffer
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Pro-
tein concentration was measured by a BCA Protein Assay
Kit (Beyotime Biotechnology). Proteins (30 pg) were sepa-
rated by electrophoresis, and electroblotted onto polyvi-
nylidenedifluoride (PVDF) membranes that were incubated
with primary antibodies (1:1000 dilution; all from Cell
Signaling Technology, Shanghai, China) targeted to Bax
(#14796), Bcl-2 (#4223), Beclin-1 (#3495), P62 (#8025),
LC3-1 (#4599), LC3-II (#3868), NLRP3 (#15101), IL-1p
(#12703), ASC (#13833), caspase-1 (#24232), and loading
control GAPDH (#5174) overnight at 4 °C, after blocking
the nonspecific binding sites with 5% skim milk. Blots were
then incubated with HRP-conjugated secondary antibodies
(1:2000 dilution; Cell Signaling Technology).

Cell Viability Assay

CCK-8 assay was used to detect cell viability. After trans-
fection and treatment, BV2 cells (100 puL) were seeded on
96-well plates at a density of 2000 cells per well, and then
10 pL. CCK-8 reagent (Beyotime Biotechnology) was added
to each well. After incubation for 1 h, the absorbance which
revealed cell viability was detected at the wavelength of
450 nm.

Flow Cytometry Analysis

BV2 cell apoptosis was detected by Annexin V-FITC/PI
double staining with flow cytometry. After transfection and
treatment, BV?2 cells were washed with PBS and fixed with
ethyl alcohol at 4 °C for 2 h and stained with FITC Apopto-
sis Detection kit (BD Biosciences, San Diego, CA, USA) at
4 °C in the dark for 30 min. The apoptotic rate was analyzed
by flow cytometer (Beckman Coulter, Fullerton, CA, USA).
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Immunofluorescence Staining

BV2 cells were fixed with 4% paraformaldehyde for 30 min,
followed by permeabilization with 0.4% Triton X-100 for
5 min at room temperature. Cells were blocked with 5%
bovine serum albumin at 37 °C for 25 min and incubated
with 50 pg/mL LC3 primary antibody at 4 °C for 24 h. After
washed with PBS for three times, the nuclei were stained
with DAPI for 3 min at room temperature. Negative control
was in the absence of primary antibody. Immunofluores-
cence was observed and evaluated using a confocal micro-
scope (Olympus).

Statistical Analysis

All data were presented as mean + standard deviation (SD).
Statistical comparison was performed by two-sided Student’s
t test or ANOVA using SPSS 19.0 software (IBM, Chicago,
IL, USA). p <0.05 was considered significant.

Results

Zinc Induces Autophagy-Mediated NLRP3
Inactivation Following SCI by Decreasing XIST
Expression

The neurological function was assessed by the BBB scoring
system to determine whether zinc could improve locomo-
tor recovery following SCI. As shown in Fig. 1A, the BBB
scores were significantly reduced in the SCI group com-
pared with the sham group, which were markedly increased
in zinc-treated mice. Additionally, histopathological changes
in spinal cord tissues were examined by H&E staining. The
congestion, edema and structural damages in the spinal cord
of SCI rats were showed to be notably relieved after Zinc
treatment (Fig. 1B). To evaluate the effects of zinc on cel-
lular apoptosis caused by SCI, TUNEL staining of the spinal
cords and western blot analysis of apoptosis-related proteins
were performed. The number of TUNEL-positive cells was
observably higher in the SCI group than that in the sham
group, while the amount of apoptotic cells was significantly
reduced after zinc administration (Fig. 1C). As illustrated in
Fig. 1D, zinc reversed Bax upregulation and Bcl-2 downreg-
ulation induced by SCI. The expression levels of autophagy-
related proteins were analyzed by immunoblotting. The
expression of Beclin-1 and the ratio of LC3-II to LC3-I were
markedly inhibited, while P62 was significantly increased in
SCI mice, compared with those in sham-operated animals.
In contrast, zinc administration exhibited an opposite trend
(Fig. 1E). Then, the molecular mechanism of zinc during
SCI was further identified. As shown in Fig. 1F, zinc treat-
ment mitigated the upregulation of XIST and NLRP3 and
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Fig. 1 Zinc induces autophagy-mediated NLRP3 inactivation follow-
ing SCI by decreasing XIST expression. C57BL/6J mice were divided
into sham group, SCI group and SCI+Zinc group (n=6 per group).
A BBB scores were evaluated. B Representative images of H&E
staining at X40 magnification in spinal cord tissues. C TUNEL stain-
ing was performed in spinal cords. D, E The protein levels of Bax,

the downregulation of miR-374a-5p after SCI. Similarly, the
protein expression of NLRP3, IL-1p, ASC and caspase-1
were markedly increased in the spinal cords of SCI mice.
Notably, zinc treatment inhibited NLRP3 inflammasome
activation as shown by the decreases in the levels of NLRP3,
IL-1B, ASC and caspase-1 in SCI mice (Fig. 1G).

Zinc Downregulates XIST to Alleviate LPS-Induced
Autophagy Inhibition in Microglia

Similar effects of zinc were observed in mouse microglial
BV2 cells treated with LPS as in SCI mice. Cell viability
was restricted, while zinc resulted in increased cell viability
(Fig. 2A). The results of TUNEL assay (Fig. 2B) showed that
the proportion of TUNEL-positive cells significantly increased
after LPS stimulation, whereas the percentage of cell death
was reduced upon treatment with zinc. The typical graphs
and statistical data of flow cytometry (Fig. 2C) were consist-
ent with the results of TUNEL assay. Immunofluorescence

GAPDH

Bcl-2, Beclin-1, P62 and LC3-II/I ratio in spinal cords were deter-
mined by western blotting. F XIST, miR-374a-5p and NLRP3 levels
in spinal cords were detected by qRT-PCR. G The protein levels of
NLRP3, IL-1p, ASC and caspase-1 in spinal cords were determined
by western blotting. Data were expressed as mean+SD and each
experiment was performed at least 3 independent times. **p < 0.01

analysis revealed that during treatment with LPS, the propor-
tion of LC3-positive BV2 cells decreased significantly, while
zinc treatment induced the increase of LC3-positive BV2 cells
(Fig. 2D). Similar to the changes of apoptosis- and autophagy-
related proteins observed in vivo, the expression of Bax and
P62 were elevated, while the protein levels of Bcl-2, Beclin-1
and LC3-II/I ratio were downregulated in LPS-treated BV2
cells, and zinc inhibited these detrimental alterations (Fig. 2E,
F). As indicated in Fig. 2G, H, LPS induced the upregulation
of XIST and NLRP3 at mRNA and protein levels, as well as
the protein levels of IL-1f, ASC and caspase-1 and suppressed
the mRNA levels of miR-374a-5p, which were all reversed by
zinc treatment.

XIST Knockdown Attenuates LPS-Induced Microglial
Activation by Inducing Autophagy

In order to clarify the functional role of XIST in LPS-
induced BV?2 cell injury, XIST knockdown was confirmed in
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BV?2 cells by transfection with si-XIST. Fluorescent micros-
copy and flow cytometry were used to evaluate the efficiency
of transfection. The results demonstrated that approximately
70.1% BV2 cells could express GFP after transfection with
GFP vector (Fig. S1). The relative expression level of XIST
was assessed by qRT-PCR, and a significant downregula-
tion of XIST was seen in si-XIST group (Fig. 3A). And
the downregulation of XIST overturned LPS-induced XIST
and NLRP3 upregulation and miR-374a-5p downregulation
in BV2 cells (Fig. 3B). Meanwhile, XIST knockdown led
to a decrease in the protein levels of NLRP3, IL-1, ASC
and caspase-1 in LPS-treated BV2 cells (Fig. 3C). The inhi-
bition of cell viability (Fig. 3D) and the enhancement of
apoptotic cells (Fig. 3E, F) in LPS-treated BV2 cells were
both reversed by XIST silencing. XIST knockdown exhib-
ited enhanced LC3 puncta accumulation compared to cells
treated with LPS (Fig. 3G). As expected, LPS-induced Bax
upregulation and Bcl-2 downregulation was diminished by
XIST inhibition (Fig. 3H). Beyond that, XIST depletion pro-
moted Beclin-1 expression and the conversion of LC3-I into
LC3-II, but declined the protein levels of P62 in LPS-treated
BV2 cells (Fig. 30).

XIST Sponges miR-374a-5p to Affect Microglial
Autophagy via NLRP3 Inflammasome Activation

Our study has found that XIST harbored putative bind-
ing sites for miR-374a-5p predicted by the online DIANA
tools (Fig. 4A). As depicted in Fig. 4B, the results of lucif-
erase assay revealed that miR-374a-5p mimic decreased
the luciferase activity in XIST-WT co-transfected system,
conversely, this XIST-MUT scarcely responded to miR-
374a-5p overexpression. Next, we explored whether XIST
was involved in LPS-induced BV2 cell injury through regu-
lating miR-374a-5p. Confirmed by qRT-PCR, transfection
with miR-374a-5p inhibitor resulted in miR-374a-5p knock-
down in BV2 cells (Fig. 4C). Likewise, miR-374a-5p silenc-
ing antagonized XIST knockdown-induced miR-374a-5p
upregulation, and the alleviation of NLRP3, IL-1p, ASC
and caspase-1 expression levels in LPS-treated BV2 cells,
as shown in Fig. 4D, E. Moreover, miR-374a-5p inhibition
prevented XIST knockdown-induced promotion of cell via-
bility (Fig. 4F) and the decrease of apoptotic cells (Fig. 4G,
H) in LPS-treated BV2 cells. MiR-374a-5p inhibitor also
decreased LC3 puncta accumulation (Fig. 4I). In addition,
miR-374a-5p inhibitor impaired XIST knockdown-induced
Bax downregulation and Bcl-2 upregulation induced by
in LPS-treated BV2 cells (Fig. 4]). Besides, miR-374a-5p
inhibitor abrogated the suppression of P62 expression, and
the increased protein levels of Beclinl and LC3-II/1 ratio
caused by XIST knockdown in LPS-treated BV2 cells
(Fig. 4K).
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Zinc Enhances Microglial Autophagy in LPS-Induced
BV2 Cells by Regulating XIST-Mediated
miR-374a-5p/NLRP3 Axis

XIST was overexpressed in BV2 cells by transfecting XIST
vector. The results of fluorescent microscopy and flow
cytometry demonstrated that more than 70% BV2 cells
could express GFP (Fig. S2). The transfection efficiency
was further confirmed by gqRT-PCR (Fig. 5A). In LPS-irri-
tated BV2 cells, the ectopic expression of XIST changed
a series of expression patterns induced by zinc treatment
by upregulating XIST and NLRP3 inflammasome activa-
tion and downregulating miR-374a-5p expression (Fig. 5B,
C). Prominently, restoration of XIST expression impaired
the protective effects of zinc in LPS-damaged BV2 cells by
decreasing cell viability (Fig. 5D), facilitating apoptosis as
evidenced by the increased apoptotic cells (Fig. 5E, F) and
increased Bax expression and Bcl-2 inhibition (Fig. 5G),
and inhibiting autophagy via decreasing the number of LC3
puncta (Fig. 5H), and the expression of the ratio of LC31I/I
and Beclin-1 and decreasing the expression of P62 (Fig. 5I).

Discussion

The present study generated a novel finding that the XIST/
miR-374a-5p axis accounts for the neuroprotective action
of zinc via inhibiting NLRP3 inflammasome activation and
promoting microglial autophagy.

Zinc has been regarded as a potential therapeutic candi-
date for SCI due to its diverse beneficial actions. For exam-
ple, zinc treatment alleviates neuronal apoptosis after SCI
by increasing the expression of G-CSF secreted by micro-
glia/macrophages [15]. Zinc elicits a neuroprotective action
against apoptosis by inducing neuronal autophagy through
AMPK/mTOR signaling pathway in mice with SCI [17].
Furthermore, zinc exerts antioxidative effects in SCI by acti-
vating Nrf2/HO-1 pathway and inhibiting NLRP3 inflam-
mation [8]. However, the associated mechanisms are still
largely unexplored. Indeed, excessive activation of NLRP3
inflammasome was considered as a pivotal contributor to
the development of SCI [18, 19]. Herein, in consistent with
our preceding study, we found that zinc induced microglial
autophagy and attenuated NLRP3 inflammasome activation
in mice with SCI and BV2 microglial cells exposed to LPS
[10]. In agreement, several reports have demonstrated the
inhibitory effects of zinc on NLRP3 inflammasome activa-
tion [20, 21].

LncRNA XIST has previously been implicated in control-
ling the neuronal and microglial apoptosis, inflammatory
reaction, and angiogenesis after SCI [11, 12, 22]. Herein,
the downregulation of XIST evoked by zinc treatment was
observed in spinal cords of mice with SCI and LPS-impaired
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«Fig.2 Zinc downregulates XIST to alleviate LPS-induced autophagy
inhibition in microglia. Mouse microglial BV2 cells were exposed to
LPS (1 pg/mL) for 6 h or treated with zinc gluconate (100 umol/L) for
6 h. After LPS stimulation or zinc treatment, cell viability (A), quan-
titative analysis of the proportion of TUNEL positive cells (B), the
proportion of total apoptotic cells by flow cytometry assay (C), immu-
nofluorescence analysis of LC3 expression (D), the protein expression
of apoptosis- and autophagy-related markers (E-F), the expression
of XIST, miR-374a-5p and NLRP3 (G) and the protein expression of
NLRP3, IL-1p, ASC and caspase-1 (H) were examined using CCK-8
assay, flow cytometry, western blotting, qRT-PCR and western blot-
ting, respectively. Data were expressed as mean +SD and each experi-
ment was performed at least 3 independent times. **p <0.01
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tial roles of several miRNAs in mediating neuroprotec-
tive effects in SCI [23-25]. A previous publication dem-
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Fig.5 Zinc enhances microglial autophagy in LPS-induced BV2
cells by regulating XIST-mediated miR-374a-5p/NLRP3 axis. A
Expression level of XIST was detected by RT-qPCR in BV2 cells
when overexpression of XIST. After the overexpression of XIST or
the treatment with LPS or zinc, the expression of XIST, miR-374a-5p
and NLRP3 (B) and the protein expression of NLRP3, IL-18, ASC
and caspase-1 (C), cell viability (D), quantitative analysis of the pro-

regulated the expression of miR-374a-5p. Overexpression
of XIST further enhanced NLRP3 inflammasome activity
in LPS-treated BV2 cells by regulating the expression of

@ Springer

Bax Bal-2 GhPoH | M S —

Beclin-1 P62 LC3-1

portion of apoptotic cells by TUNEL assay (E), and flow cytometry
assay (F), the protein expression of apoptosis-associated proteins (G),
fluorescent images of LC3 puncta (H) and autophagy-related mark-
ers (I) were analyzed by using the corresponding method. Data were
expressed as mean +SD and each experiment was performed at least
3 independent times. **p <0.01

miR-374a-5p. Taken together, we deduced that the neu-
roprotective effect of zinc might be partially ascribed to
the downregulation of NLRP3 inflammasome and the
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promotion of autophagy activation via regulating XIST/
miR-374a-5p.

In summary, the results showed that zinc produced the
neuroprotection following SCI owing to autophagy-induc-
ing properties conferred by its ability to inhibit XIST/miR-
374a-5p-mediated NLRP3 inflammasome activation.
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