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Oleanolic Acid Inhibits Neuronal Pyroptosis in Ischaemic Stroke
by Inhibiting miR-186-5p Expression
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Ischaemic stroke is a common condition leading to human disability and death. Previous studies have shown that oleanolic acid (OA) ameliorates

oxidative injury and cerebral ischaemic damage, and miR-186-5p is verified to be elevated in serum from ischaemic stroke patients. Herein, we

investigated whether OA regulates miR-186-5p expression to control neuroglobin (Ngb) levels, thereby inhibiting neuronal pyroptosis in isch-

aemic stroke. Three concentrations of OA (0.5, 2, or 8 uM) were added to primary hippocampal neurons subjected to oxygen—glucose deprivation/

reperfusion (OGD/R), a cell model of ischaemic stroke. We found that OA treatment markedly inhibited pyroptosis. qRT-PCR and western blot

revealed that OA suppressed the expression of pyroptosis-associated genes. Furthermore, OA inhibited LDH and proinflammatory cytokine re-

lease. In addition, miR-186-5p was downregulated while Ngb was upregulated in OA-treated OGD/R neurons. MiR-186-5p knockdown repressed

OGD/R-induced pyroptosis and suppressed LDH and inflammatory cytokine release. In addition, a dual luciferase reporter assay confirmed that
miR-186-5p directly targeted Ngb. OA reduced miR-186-5p to regulate Ngb levels, thereby inhibiting pyroptosis in both OGD/R-treated neurons

and MCAO mice. In conclusion, OA alleviates pyroptosis in vivo and in vitro by downregulating miR-186-5p and upregulating Ngb expression,

which provides a novel theoretical basis illustrating that OA can be considered a drug for ischaemic stroke.
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INTRODUCTION

Ischaemic stroke is one of the major causes of long-term dis-
ability and death worldwide, leading to sudden onset of focal neu-
rological function loss due to infarction in the relevant part of the
brain [1]. Ischaemic stroke is induced by an abrupt and sustained
decrease in regional cerebral blood flow resulting in cerebral hy-
poxia/ischaemia [2]. Early events after ischaemic damage gener-

ate glutamate-induced excitotoxicity and reactive oxygen species
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(ROS)-mediated oxidative stress, both of which accelerate cell
death within the infarct core, an inflammatory cascade of events
escalating progressive damage [3]. Clinical trials have shown that
endovascular thrombectomy, intravenous thrombolytic therapy
and several drugs, such as neurotransmission modulators, anti-
inflammatory agents and free radical scavengers, are crucial
cytoprotective components for ischaemic stroke treatment [4, 5].
However, in stroke, the main problem is neuronal cell loss, making
functional recovery difficult; therefore, it is of great significance to
explore possible novel molecular and cellular treatment options to
prevent neuronal loss in ischaemic stroke.

Emerging evidence suggests that oleanolic acid (OA), a penta-
cyclic triterpenoid extracted from various medicinal plants, plays
significant roles in health by affecting anti-inflammatory and

antioxidant activities [6, 7]. OA has been recognized as a neuro-
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protective strategy in numerous neurodegenerative disorders [8].
A previous study demonstrated that OA suppresses apoptosis and
the inflammatory response to protect against spinal cord injury
[9]. In addition, OA ameliorates carotid artery injury in diabetic
rats via reduction of the Nod-like receptor protein 3 (NLRP3)
inflammasome signalling pathway [10]. Furthermore, OA remark-
ably decreases oxidative injury in vitro and cerebral ischaemic
damage in vivo [11]. However, the accurate neuroprotective role
and potential mechanism of OA in ischaemic stroke have yet to be
elucidated.

Increasing evidence has illustrated that neuroglobin (Ngb),
an oxygen-binding globin protein that is specifically expressed
in neurons, plays an endogenous neuroprotective role against
oxidative stress-related and hypoxic/ischaemic injury in neuro-
degenerative disorders and stroke [12]. Studies have revealed that
Ngb is upregulated in ischaemic neurons of mouse and human
brains, and Ngb knockdown suppresses axonal regeneration in
OGD/R-treated neurons [13]. Interestingly, overexpression of Ngb
promotes neurogenesis in mouse brains following MCAO [14].
Moreover, Ngb mediates the neuroprotective effect of hypoxic
postconditioning (HPC) against rat cerebral ischaemia [15]. Py-
roptosis is a form of programmed cell death characterized by DNA
fragmentation, plasma membrane rupture, cell swelling and the re-
lease of proinflammatory factors [16]. Mechanistically, caspase-1 is
activated by the NLRP3/ASC pathway and inflammasomes, which
mediate the cleavage of gasdermin D (GSDMD), subsequently
triggering pyroptosis [17, 18]. Recent studies have revealed that
pyroptosis is involved in the pathogenesis of ischaemic stroke and
that suppression of pyroptosis alleviates ischaemic brain damage
[19, 20]. A recent study indicated that Mn-TAT PTD-Ngb, a new
artificial recombinant protein, inhibits inflammasome assembly,
suppresses proinflammatory cytokine production, including IL- 18
and IL-18, safeguards against oxidative stress and elevates pyrop-
tosis [21]. However, whether Ngb and pyroptosis are implicated in
the effects of OA on ischaemic stroke remains unknown.

It has been reported that OA ameliorates disease severity through
the regulation of microRNAs (miRNAs). For instance, OA induces
increased miR-132, which acts as a vital modulator to ameliorate
chronic unpredictable mild stress (CUMS)-induced anhedonic
and anxiogenic behaviours [22]. Interestingly, in hyperlipidaemic
mice induced by a high-fat diet, OA ameliorates hyperlipidaemia,
possibly by regulating the miR-98-5p/peroxisome proliferator-ac-
tivated receptor-y coactivator-1p (PGC-1f) axis [23]. As reported
by various studies in recent years, miRNAs play key roles in stroke
pathogenesis as well as its complications and outcomes [24]. It has
been verified that miR-186-5p is elevated in serum from ischaemic
stroke patients compared to healthy donors and facilitates apopto-
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sis of SH-SY5Y cells by targeting insulin-like growth factor (IGE-
1) after OGD/R [25]. The targeted binding relationship between
miR-186-5p and Ngb was predicted by bioinformatics analysis us-
ing the TargetScan website (http://www.targetscan.org/vert_72/).
Therefore, we speculated that OA regulates miR-186-5p to affect
Ngb expression, thereby inhibiting neuronal pyroptosis to exert a
neuroprotective effect in ischaemic stroke.

To test our hypothesis, we first investigated whether administra-
tion of OA could protect against ischaemia/reperfusion-induced
neuronal damage in MCAO mice and OGD/R-induced neurons.
We found that OA treatment alleviated OGD/R-induced py-
roptosis, cytotoxicity, and proinflammatory cytokine release and
suppressed the expression of pyroptosis-associated proteins. In
addition, OA relieved pyroptosis and subsequently rescued the
biological functions of neurons by increasing Ngb and reducing
miR-186-5p expression. To the best of our knowledge, our study is
the first to demonstrate the pyroptosis-inhibiting effect of OA in
ischaemic stroke through a miRNA-dependent mechanism, which
suggests that OA might have therapeutic potential for ischaemic

stroke patients.
MATERIALS AND METHODS

Cell culture

Primary hippocampal neurons were harvested from C57BL/6
mouse embryos at 14~15 d as previously described [26]. Mice
were euthanized with cervical dislocation under anaesthesia. After
collection on a cold stage, primary hippocampal neurons were dis-
sociated into a single-cell suspension in Dulbeccos modified Eagle
medium (DMEM, Gibco, Grand Island, NY, USA) containing foe-
tal bovine serum (FBS, Gibco). The suspension (1 or 2x10” cells/
cm”) was plated on polylysine-coated plates. Neurobasal medium
(0.5 mM glutamine, 2% B27, 1% penicillin-streptomycin) was used
to substitute the culture medium. Then, the cells were cultured
in a humidified incubator at 37T in a 5% CO, atmosphere. The
hippocampal neurons required 7~8 days for maturation, and the
medium was replaced every 3 days. The culture was confirmed
to contain 90% neurons using immunocytochemistry for anti-
NF200.

Animals and construction of middle cerebral artery
occlusion (MCAQO)

Adult male C57BL/6] mice (8~10 weeks) were acquired from the
Animal Centre of the Chinese Academy of Sciences (Shanghai,
China). All mice were housed in a quiet environment with free
accessed to food and water. The environment was kept at 22+2TC
and stable humidity with a 12 h light/dark cycle. All experimental
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procedures were performed strictly in line with animal care using
the introduction of the American Animal Protection Legislation
and were approved by the Ethics Committee of Hunan University
of Medicine.

A middle cerebral artery occlusion (MCAO) model in mice was
constructed using intraluminal vascular occlusion and subsequent
reperfusion. In brief, mice were subcutaneously anaesthetized
with chloral hydrate (350 mg/kg, ip). The vessels of the neck were
uncovered, and the right common carotid arteries, external carotid
arteries and internal carotid arteries were carefully separated. A
5-0 nylon filament with a round tip (0.23 mm in diameter) [27-29]
was inserted into the internal carotid arteries to block the origin of
the middle cerebral artery for 1.5 h. After the operation, ischaemic
artery reperfusion was established with filament withdrawal, fol-
lowed by reperfusion for 24 h. Mice in the sham group underwent
the same procedures except for occlusion of the internal carotid
artery. The mice were randomly divided into three groups (n=6 in
each group, three batches were performed simultaneously in each
group: mice in one batch were used for TTC staining; another
batch was used to detect the expression levels of protein and gene
by western blot assay and qRT-PCR; the last batch was used to
detect LDH and proinflammatory cytokines release): sham group
(without MCAO), MCAO group and MCAO+OA group. Mice in
the MCAO+OA group were treated with DMSO-diluted OA (25
mg/kg, Chengdu Purechem-Standard, Chengdu, China) by intra-
peritoneal injection once daily for four consecutive days prior to

surgery.

Oxygen-glucose deprivation/reperfusion (OGD/R) in vitro
model

The OGD/R model was constructed in hippocampal neurons
as previously described [26]. For OGD/R, cells were treated in
medium for 8 h at 37C, with deprivation of serum and glucose
within an oxygen-free environment (5% CO, and 95% N,) at 37C.
Afterwards, for reperfusion, cells received normal medium in a
normoxic environment for 24 h. In the OA treatment groups, OA
was added to the cells at final concentrations of 0.5,2 and 8 uM for
1 h before OGD/R. In the control groups, the same volume of PBS
without OGD/R or OA was added to the cells.

Cell transfection

The miR-186-5p inhibitor, miR-186-5p mimics and negative
controls (NCs) were synthesized by KeyGen BioTech (Nanjing,
China). p-Ngb (Ngb overexpression vector) and pcDNA3.1 were
generated from Sangon Biotech (Shanghai, China). All transfec-
tion procedures were conducted using Lipofectamine 2000 (Life
Technologies, Carlsbad, CA, USA) according to the manufacturers
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instructions for 48 h.

2,3,5-Triphenyltetrazolium chloride (TTC) staining

Mice were sacrificed under anaesthesia after the MCAO proce-
dure for 24 h. Brain samples were transferred to precooled stainless
steel brain matrices and frozen at -20T for 10 min. Subsequently,
tissues were sectioned into five 2 mm thick sections and immersed
in 2.0% TTC solution (Sigma-Aldrich, St. Louis, MO, USA) at
37T for 0.5 h. After washing with PBS three times, 10% formalin
was used to fix these sections. Slices were visualized using digital

camera, and infarct volume was measured.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from cells or tissues was harvested using TRIzol
reagent (BBI, Shanghai, China). RNA solution (1 ul) was used for
RNA quality and concentration tests on a NanoDrop (Thermo
Fisher, Waltham, MA, USA). First-strand cDNA was synthesized
using a Bestar gPCR RT kit (DBIBioscience, Germany) or TagMan
miRNA Reverse Transcription kit (Thermo Fisher) following the
manufacturer’s guidelines. Expression of miR-186-5p was deter-
mined using a TagMan miRNA assay (Applied Biosystems, Foster,
CA, USA), and U6 was adopted as an internal reference. For Ngb
mRNA measurement, a SYBR Green PCR kit (Thermo Fisher)
was utilized. In accordance with the amplification procedure, an
ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Life
Technologies) was applied for all PCRs. 3-actin was adopted as an

% method was utilized to determine

internal reference, and the 2
relative gene expression.

Primers sequences were as follows:

miR-186-5p, forward, 5-AAGAATTCTCCTTTTGGGCT-3,
and reverse, 5-GTGCGTGTCGTGGAGTCG -3}

Ngb, forward, 5-CTCTGGAACATGGCACTGTC-3', and re-
verse, 5-TTGGTCACTGCAGCATCAAT-3'

U6, forward, 5-GCACATATACGCTTCGGCATAAAAT-3, and
reverse,5-CATTTGCGGCTTCACGATGTCAT-3}

B-actin, forward, 5-TGTCACCAACTGGGACGATA-3', and
reverse, 5-GGGGTGTTGAAGGTCTCAAA-3.

Western blot analysis

Proteins were separated from cells or tissues using RIPA buffer
(EMD Millipore, Billerica, MA, USA). Then, protein concentra-
tions were determined using a bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher). The same concentration of samples was
separated by 10% sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to polyvinyli-
dene fluoride (PVDF) membranes (Bio—Rad Laboratories Inc.,
403
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Hercules, CA, USA). Next, membranes were blocked with 5% non-
fat dry milk at room temperature for 2 h. Then, they were incu-
bated at 4T for 24 h with the following primary antibodies: anti-
NLRP3 (1:500, Abcam, Cambridge, MA, USA), anti-pro-caspase-1
(1:1,000, Abcam), anti-cleaved-caspase-1 (1:500, Adipogen, San
Diego, California, USA), anti-GSDMD-FL (1:500, Abcam), anti-
GSDMD-N (1:500, Abcam), anti-Ngb (1:500, Abcam), and anti-
GAPDH (1:1,000, Abcam). At room temperature, the membranes
were then incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies for 2 h. An enhanced chemilumines-
cence (ECL) kit (Bio—Rad, USA) was used to image the protein
bands.

Flow cytometry

For pyroptosis examination, flow cytometry was utilized with
caspase-1 and propidium iodide (PI) staining. Following washing
twice with phosphate-buffered saline (PBS), cells were harvested
and incubated for 0.5 h with caspase-1 antibody (1:500, Adipogen)
at room temperature. Subsequently, they were treated with sec-
ondary antibody for 0.5 h in the dark at room temperature. Next,
samples were stained with PI from an Annexin V-FITC Apop-
tosis Detection kit (Pharmingen-Becton Dickinson, San Diego,
CA, USA) in accordance with the manufacturers guidelines. The
experiment was performed using a flow cytometer (Attune NxT,
Thermo Fisher) and was repeated at least three times.

Enzyme-linked immunosorbent assay (ELISA)

Brain tissues collected from mice were homogenized in 500 ul of
0.1 M PBS. Next, the tissues were centrifuged at 10,000 rpm for 20
min at 4C. In addition, cell supernatants were obtained from hip-
pocampal neurons by centrifugation at 10,000 rpm for 15 min. IL-
1B and IL-18 (EK0393) in brain tissues and cell supernatants were
analysed using ELISA kits (Kehua Biotechnology Ltd., Shanghai,
China) following the manufacturers instructions. In brief, samples
and IL-1p or IL-18 standards were added to the wells and incubat-
ed for 2 h. After that, streptavidin-horseradish peroxidase (HRP)
(100 pl) was added for 20 min. Plates were washed with PBS, and
then substrate solution (100 pul) was added and incubated for 20
min. Finally, stop solution (50 pl) was added to each well, and the
plate was gently mixed. The optical density of each well was imme-
diately examined at 450 nm using a microplate reader (Bio—Rad,
Hercules, CA, USA).

LDH release assay

Lactate dehydrogenase (LDH), a marker of membrane integrity,
was detected to evaluate cytotoxicity using the LDH Activity Assay
kit (Biovision, Tucson, AZ, USA). Briefly, the cultured cells were
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plated in 96-well plates, and brain tissues were made into brain ho-
mogenates after centrifugation at 3,000 rpm for 10 min, followed
by the addition of LDH reaction solution (100 pl/well) for 30 min.
Subsequently, the absorbance was monitored by a microplate
reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) at 490 nm.

Luciferase reporter assay

The predicted binding site of miR-186-5p and Ngb was obtained
from TargetScan version 7.2 (http://www.targetscan.org/vert_72/).
The 3’-UTR (untranslated region) of Ngb mRNA containing
miR-186-5p binding sites was amplified and inserted into the
pmirGLO vector (Promega, Madison, WI, USA) to construct wild-
type pmirGLO-Ngb (WT-Ngb). Meanwhile, the pmirGLO-Ngb
3’-UTR-mutant (MUT-Ngb) with mutation of predicted miR-
186-5p binding sites was constructed using a QuikChange Site-di-
rected Mutagenesis kit (Stratagene, La Jolla, CA, USA). Afterwards,
hippocampal neurons were cotransfected with luciferase reporter
plasmid (200 ng) and 50 nM of the miR-186-5p mimics or mimics
NC with Lipofectamine 2000 (Life Technologies, Carlsbad, CA,
USA). Luciferase activity was assessed using the dual luciferase
reporter assay system (Promega). Renilla luciferase was utilized to
calculate the relative luciferase activity.

Statistical analysis

All data were analysed using SPSS 20.0 software and are pre-
sented as the meantstandard deviation (SD). All experiments
were completed in triplicate. Quantitative data were determined
by Students t-test for two groups, while multiple comparisons
were analysed using one-way ANOVA with Tukey’s post hoc test.
Results were considered statistically significant at p<0.05.

Ethical Approval

All experimental procedures were in line with animal care
strictly and used introduction of the American Animal Protection
Legislation and were approved by the Ethics Committee of Hunan

University of Medicine.
RESULTS

OGD/R treatment leads to hippocampal neuron pyroptosis

To investigate the impact of OGD/R on primary hippocampal
neurons, pyroptosis was evaluated by flow cytometry using PI and
caspase-1 staining. The results showed that pyroptosis was ag-
gravated in hippocampal neurons subjected to OGD/R (Fig. 1A).
Furthermore, ELISA results showed that the proinflammatory cy-
tokines IL-1 and IL-18 were increased in the OGD/R group (Fig.
1B). Additionally, LDH release in the supernatant was used to esti-
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Fig. 1. OGD/R treatment leads to hippocampal neuron pyroptosis. An OGD/R cell model was established in primary hippocampal neurons. (A) Py-
roptosis was detected by flow cytometry using caspase- 1 and PI staining. (B) ELISA was applied to measure IL-1f and IL-18 expression. (C) LDH release
in the cell supernatant. (D) Pyroptosis-related markers, including NLRP3, pro-caspase-1, cleaved caspase-1, GSDMD-FL, and GSDMD-N, were assessed
using western blot assay. The results are shown as the mean+SD. n=3 per group. *p<0.05, **p<0.01, **p<0.001.

mate cytotoxicity, and the results revealed an obvious elevation in
LDH levels in the OGD/R group (Fig. 1C). In addition, the protein
expression of NLRP3, pro-caspase-1, cleaved caspase-1, GSDMD-
FL and GSDMD-N was upregulated in the OGD/R group (Fig.
1D). These findings suggested that pyroptosis of hippocampal
neurons was exacerbated by OGD/R treatment.

OA treatment inhibits pyroptosis induced by OGD/R

We next examined the impact of OA on OGD/R-treated neu-
rons. Three concentrations of OA (0.5, 2, or 8 uM) were added
to the cells, and pyroptosis was assessed using flow cytometry.
Our results demonstrated that OGD/R-induced pyroptosis was
reduced by OA treatment (Fig. 2A). Moreover, IL-1p and IL-18
levels were noticeably decreased after the same OA treatment as
measured by ELISA (Fig. 2B). OGD/R-induced cytotoxicity was
restored by OA application, as reflected by the decreased LDH
release after OA treatment (Fig. 2C). Meanwhile, pyroptosis-
associated protein expression was downregulated in hippocampal
neurons after OA treatment compared to the OGD/R group (Fig.
2D). These findings demonstrated that OA effectively suppressed
hippocampal neuron pyroptosis induced by OGD/R.

https://doi.org/10.5607/en21006

OA application reverses the effects of OGD/R on the
expression of miR-186-5p and Ngb

To further validate the in vitro findings and investigate the poten-
tial mechanism, miR-186-5p and Ngb expression was measured in
neurons exposed to OGD/R with different doses of OA. MiR-186-
5p was elevated in the OGD/R group, while its expression declined
after treatment with 2 or 8 uM OA (Fig. 3A). The mRNA (Fig. 3B)
and protein (Fig. 3C) expression levels of Ngb were decreased in
the OGD/R group. In addition, OA application at 2 or 8 pM up-
regulated the mRNA (Fig. 3B) and protein (Fig. 3C) expression of
Ngb. Our data suggested that OA effectively inhibited the increase
in miR-186-5p levels and elevated the decrease in Ngb levels in
hippocampal neurons induced by OGD/R. Knockdown of miR-
186-5p inhibits neuronal pyroptosis after OGD/R.

Knockdown of miR-186-5p inhibits neuronal pyroptosis
after OGD/R

A miR-186-5p inhibitor was constructed to further explore the
role of miR-186-5p in OGD/R-induced neuronal pyroptosis. We
discovered that miR-186-5p was silenced by the miR-186-5p in-
hibitor in neurons (Fig. 4A). Flow cytometry showed that pyropto-
sis was remarkably inhibited in the OGD/R+miR-186-5p inhibitor

405

www.enjournal.org



Shi-Chang Cai, et al.

en

A
Control ‘ OGDR _ OGD/R+OA (0.5uM) OGD/R+OA (2uM) OGD/R+OA (8uM)
“10.32% 195%| 1249% | 1948%| 10.78% | 1217%| ]023% 517%| 10.34% 263%| &
¥ 4 z o § % § 2
cl 1 f e e ) Z
o . el s o] e o o 7]
- " 3 B - - e - ¢ £
o M R S . P R 5
x| 196.01% 172%| .166.93% | 11.10%| .182.53% | 4.52% | .190.30% | 4.30% 94.20% 2.83% &
V|ﬁ~ 10° 104 10°* 10" 107 k2 10° 104 10° 100 107 i 10° 104 10° 100 107 VH): 10° 104 10°* 10° 107 107 10° 1 10° 10° i
Caspase 1
B C
ry i ok
E 800- E 2004 - 150 o
(o] ()] Hekk x
- *x = =
@ 600- ® 150 ~
E = £ 1001
Y [T D
5 400 5 100 s
c = T
2 2 O 50
S 200- S 50 —
= =
[0 [0}
o o
5 o-nY § o 0-
o S & & & 8 > & N D N S> & N N N
& Oo o)\} Q,Q @Q oé“ 00 @S Q§ @\§ 0‘$ C’)o\ o,\)\& Q}}\‘ @\)\&
L F L S 2 ¢ L F
& ¢ @ & ¢ & & &
S L L I Y K & £
& ©° RY L &
D [ Control
3 OGD/R
BB OGD/R+OA(0.5uM)
NLRP3 | " s s e B OGD/R+OA(2uM)
< 107 € 10 Bl OGD/R+OA(8uM)
pro-caspase-1 [ wm . Waw 2 e 2
© 0.8+ L 0.8-
Cleaved & il - Y
- - [} i = o
caspase-1 -— - — ® 0.6+ * xxx @ 0.6
- 5
GSDMD-FL | " S S e © 0.4 2 0.4+
Q
2 2
GSDMD-N | #9% #S% s o % § 02 ’ll 3 027
[0} [0]
@00 & 0.0-
GAPDH | e sau sealll D S » & o
> <& N N & v 4 s
O
og$ 00\ (:,&& Q})é @$ o’db 6‘00
©) o) Q° (S (S N g
0?" xo xo \Qvlb
& S f N
S & &
o

Fig. 2. OGD/R-induced pyroptosis is ameliorated by OA. (A) Flow cytometry was utilized to analyse the impact of OA at different doses on OGD/R-
induced pyroptosis. (B) Levels of IL-1{ and IL-18 were analysed by ELISA after OA treatment. (C) LDH release after OA treatment. (D) Expression of
pyroptosis-related markers was evaluated using western blot assay. The results are shown as the mean+SD.n=3 per group. “p<0.05, *p<0.01, **p<0.001.

group compared to the OGD/R+inhibitor NC group (Fig. 4B). We
also found that knockdown of miR-186-5p led to the downregula-
tion of IL-1f and IL- 18 expression (Fig. 4C). In addition, miR-186-
5p suppression effectively inhibited OGD/R-induced LDH release
(Fig. 4D). Furthermore, western blot data confirmed that upregu-
lation of pyroptosis-related markers, including NLRP3, pro-cas-
pase-1, cleaved caspase-1, GSDMD-FL, and GSDMD-N, induced
by OGD/R was evidently decreased after miR-186-5p knockdown
(Fig. 4E). Taken together, our results indicated that miR-186-5p
knockdown repressed neuronal pyroptosis after OGD/R.
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Ngb is a target gene of miR-186-5p

We next assessed the interaction between miR-186-5p and Ngb.
Compared to the mimic NC group, miR-186-5p was increased in
primary hippocampal neurons in the miR-186-5p mimic group,
suggesting that miR-186-5p mimics were successfully transfected
(Fig. 5A). As shown in Fig. 5B and 5C, Ngb mRNA and protein ex-
pression was downregulated in the miR-186-5p mimic group and
upregulated in the miR-186-5p inhibitor group in neurons. The
binding sites of miR-186-5p and Ngb were predicted using web-
based bioinformatic software (TargetScan version 7.2) (Fig. 5D).
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We then further confirmed the direct association between miR-
186-5p and Ngb. Luciferase activity was downregulated following
cotransfection with Ngb-WT and miR-186-5p mimics in hip-
pocampal neurons; however, there was no significant difference
when Ngb-MUT and miR-186-5p mimics were cotransfected into
cells (Fig. 5D). These findings implied that miR-186-5p bound to
Ngb and inhibited the expression of Ngb.

OA inhibits neuronal pyroptosis by downregulating
miR-186-5p and upregulating Ngb

We further explored the underlying mechanism by which OA
suppresses pyroptosis after OGD/R. Expression of Ngb was
measured in hippocampal neurons using qRT-PCR and western
blot, and the results suggested that Ngb levels were increased af-
ter overexpression of Ngb (Fig. 6A, 6B). The inhibitory effect of
OA was examined by flow cytometry. Compared to the OGD/
R group, overexpression of Ngb or inhibition of miR-186-5p en-
hanced the effect of OA. However, the inhibitory effect of OA on
neurons induced by OGD/R was effectively restored after miR-
186-5p overexpression, and p-Ngb reversed this phenomenon
(Fig. 6C). Next, we discovered that the downregulation of IL-1f
and IL-18 after OA supply was apparently increased in the OGD/

https://doi.org/10.5607/en21006

R+OA+miR-186-5p mimic group and that Ngb overexpression al-
leviated this phenotype. However, the expression of IL-1p and IL-
18 was further inhibited in the OGD/R+OA+p-Ngb and OGD/
R+OA+miR-186-5p inhibitor groups (Fig. 6D). In line with these
results, LDH release was increased in the OGD/R+OA+miR-
186-5p mimic group and decreased in the OGD/R+OA+p-Ngb
and OGD/R+OA+miR-186-5p inhibitor groups compared to the
OGD/R+OA+NC group (Fig. 6E). Finally, we found that miR-186-
5p overexpression led to an increase in pyroptosis-related markers,
including NLRP3, pro-caspase-1, cleaved caspase-1, GSDMD-FL,
and GSDMD-N, compared to OA treatment in OGD/R neurons,
and overexpression of Ngb reversed this phenomenon (Fig. 6F).
Our results demonstrated that OA inhibited OGD/R-induced
neuronal pyroptosis by regulating miR-186-5p by targeting Ngb.

OA suppresses pyroptosis to protect neurons from damage
To confirm the effects of OA, an MCAO model was constructed
in mice. We observed that cerebral ischaemia area was notice-
ably reduced by OA administration compared to the MCAO
group (Fig. 7A, 7B, Fig. S1). The expression of proinflammatory
cytokines, including IL-1p and IL-18 (Fig. 7C), LDH release (Fig.
7D), and the expression of pyroptosis-related markers (Fig. 7E),
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in the MCAO+OA group were significantly inhibited compared
with those in the MCAO group. Furthermore, we observed that
the increase in miR-186-5p levels in MCAO mice was remarkably
inhibited in response to OA treatment (Fig. 7F). Meanwhile, Ngb
expression in MCAQO mice was decreased but was noticeably up-
regulated after OA treatment at the mRNA and protein levels (Fig.
7G, 7H). Altogether, we demonstrated that OA inhibited MCAO-
induced neuronal pyroptosis to protect the brain from ischaemia
reperfusion injury.
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DISCUSSION

Stroke, the primary cause of long-term disability, has become one
of the top reasons for mortality worldwide [4]. Many mechanisms
participate in stroke-induced disorders, such as mitochondrial
death pathways, excitotoxicity, inflammation, apoptosis, necrosis
and free radical release [30]. Currently, emerging evidence has
revealed that pyroptosis, a caspase-1-dependent cell death process
that produces pro forms of cytokines and accelerates their release,

https://doi.org/10.5607/en21006
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may be one of the primary neuron death mechanisms in stroke
[31]. However, further investigation of the molecular mechanisms
of pyroptosis is still required, and therapeutic strategies target-
ing pyroptosis would present novel opportunities for stroke. The
present study provides strong evidence that OA exerts a crucial
effect in alleviating neuronal pyroptosis and cerebral infarction
following stroke. Furthermore, we observed that OGD/R-induced
upregulation of miR-186-5p and downregulation of Ngb could be
reversed by OA. To the best of our knowledge, we demonstrated
for the first time that OA reduced miR-186-5p to inhibit pyrop-
tosis via upregulation of Ngb, with a corresponding reduction in
proinflammatory cytokines and LDH release.

OA is a pentacyclic triterpenoid extracted and isolated from

plants [32]. Recently, emerging discoveries have provided insights

https://doi.org/10.5607/en21006

.001.

into the probable therapeutic impacts of OA on different diseases
and their symptoms. Regarding neurodegenerative disorders, the
protective activities of OA have been used to test improvement
of motor performance and to slow disease progression in animal
models of amyotrophic lateral sclerosis and multiple sclerosis [33,
34]. It has been verified that OA extracted from A. cordata reduces
neuronal death induced by H,O, treatment and increases reac-
tive oxygen species (ROS) generation and intracellular calcium
concentration, indicating that A. cordata exerting its neuroprotec-
tive role might be partially attributable to this compound [35].
More importantly, a recent study illustrated that decreases in
neuronal degeneration and glial reaction are observed when OA
is pre-treated in adult rats with focal cortical hypoxia after brain
injection of cobalt chloride [36]. It has also been reported that OA
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preadministration prolongs survival time, alleviates cerebral oe-
dema, infarct area and neurological function in mice with bilateral
common carotid artery ligation (BCCAL), obviously promotes
cell survival, improves SOD activity, and reduces LDH and MDA
levels in H,0,-injured PC12 cells [11]. Pyroptosis is one of the
principal cell death mechanisms in neurons during stroke [37]. In
the present report, we provided compelling evidence that pyropto-
sis was inhibited by OA in primary hippocampal neurons during
OGD/R.In addition, a previous study indicated that after MCAO/
R, the NLRP3 inflammasome is assembled and activated, and
the N-terminal fragment of gasdermin D (GSDMD) is cleaved

https://doi.org/10.5607/en21006

to induce pyroptosis [31]. We explored the molecular evidence
of pyroptosis observed in neurons, and we identified upregula-
tion of NLRP3, accumulation of caspase-1 and GSDMD, release
of inflammasome-dependent cytokines (IL-1p and IL-18), and
extravasation of LDH, all of which were prevented by treatment
with OA in a dose-dependent manner. Although experimental
data are still required, our existing data demonstrate the beneficial
consequences of OA for the prevention or treatment of ischaemic
stroke. Certainly, the precise mechanism is still deficient and needs
further investigation.

Currently, growing evidence has proven that miRNAs play criti-
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cal roles during ischaemic stroke. In the current study, we observed
elevated miR-186-5p levels in hippocampal neurons exposed to
OGD/R. This is consistent with a previous report illustrating that
miR-186-5p was noticeably increased in SH-SY5Y cells suffering
from OGD/R [4]. Early in vitro data suggest that increased miR-
186-5p levels can induce apoptosis [25], prompting us to explore
whether miR-186-5p regulates pyroptosis. To the best of our
knowledge, this is the first time that miR-186-5p knockdown has
been shown to inhibit neuronal pyroptosis in an ischaemic stroke
cell model. Previous studies have demonstrated that OA can at-
tenuate disease through the regulation of miRNAs. For example,
antagonizing the function of miR-503 with antagomir-503-5p
attenuates the inhibitory impact of OA on osteoclastogenesis
[38]. In addition, the hypolipidaemic function of OA is regulated
by the miR-98-5p/peroxisome proliferator-activated receptor-y
coactivator-1p (PGC-1p) pathway in hyperlipidaemic mice in-
duced by a high-fat diet [23]. In chronic unpredictable mild stress
(CUMS), the role of miR-132 in the modulation of OA functions
to ameliorate anhedonic and anxiogenic behaviours in male mice
is mediated via BDNF-ERK-CREB signalling [22]. At the same
time, we discovered that OA reduced cerebral ischaemia and di-
minished pyroptosis by inhibiting the upregulation of miR-186-5p
induced by OGD/R. Taken together, our present observations dis-
covered pyroptosis suppression caused by OA treatment through
miRNA regulation during ischaemic stroke, illustrating the poten-
tial therapeutic function of OA.

Recently, accumulating evidence has demonstrated that Ngb,
a tissue globin expressed specifically in brain neurons, plays a
protective role against stroke and related neurological disorders.
High expression of the endogenous protein Ngb is linked with
preserved mitochondrial function and elevated nerve cell survival
both in vitro and in vivo [39]. In Ngb-overexpressing transgenic
(Ngb-Tg) mice, brain infarction volumes after transient focal
cerebral ischaemia are apparently decreased [40]. Moreover, Ngb
overexpression reduces OGD-induced neurotoxicity by binding
to the mitochondrial complex III subunit Cycl [41]. During hy-
poxia, the redox state of Ngb regulates the stabilization of hypoxia-
inducible factor-1 (HIF-1) and nuclear factor-erythroid 2-related
factor 2 (Nrf2) and the release of cytochrome C in neuronal cells
[42]. In addition, Ngb is involved in the neuroprotection of hy-
poxic postconditioning (HPC) against transient global cerebral
ischaemia (tGCI) via maintenance of Na'/K" ATPase activity in
the hippocampal CA1 [15]. Our data suggested that the decreased
Ngb induced by OGD/R was elevated after OA application at
the mRNA and protein levels, illustrating its critical role in OA
treatment. Subsequently; a luciferase assay further confirmed the
direct interaction between miR-186-5p and Ngb. A novel artificial
412
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recombinant protein, Mn-TAT PTD-Ngb, upregulates Nrf2, which
improves pyroptosis and protects against oxidative stress [21]. Our
work first illustrated that the impact of OA in alleviating OGD/R-
induced pyroptosis could be reversed by miR-186-5p overexpres-
sion or Ngb knockdown. Taken together, we demonstrated that
OA downregulates miR-186-5p to restrain pyroptosis by affecting
Ngb expression, resulting in a protective role against ischaemic
stroke.

In conclusion, we identified OA as an effective factor for improv-
ing cerebral ischaemia/reperfusion injury. Briefly, OA reduces
miR-186-5p expression, upregulates the targeted Ngb protein
levels, inhibits neuronal pyroptosis, and consequently plays a neu-
roprotective role in cerebral ischaemia. Collectively, our findings
offer unique perspectives on the curative mechanism of OA and

treatment options for ischaemic stroke.
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