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Abstract
Naloxone is a well-known opioid antagonist and has been suggested to have neuroprotective effects in
cerebral ischemia. We investigated whether naloxone exhibits anti-inflammatory and neuroprotective
effects in neural stem cells (NSCs) injured by oxygen-glucose deprivation (OGD), whether it affects the
NOD-like receptor protein 3 (NLRP3) inflammasome activation/assembly, and whether the role of the
phosphatidylinositol 3-kinase (PI3K) pathway is important in the control of NLRP3 inflammasome
activation/assembly by naloxone. Primary cultured NSCs were subjected to OGD and treated with
different concentrations of naloxone. Cell viability, proliferation, and the intracellular signaling proteins
associated with the PI3K pathway and NLRP3 inflammasome activation/assembly were evaluated in
OGD-injured NSCs. OGD significantly reduced survival, proliferation, and migration and increased
apoptosis of NSCs. However, treatment with naloxone significantly restored survival, proliferation, and
migration and decreased apoptosis of NSCs. Moreover, OGD markedly increased NLRP3 inflammasome
activation/assembly and cleaved caspase-1 and interleukin-1β levels in NSCs, but naloxone significantly
attenuated these effects. These neuroprotective and anti-inflammatory effects of naloxone were
eliminated when cells were treated with PI3K inhibitors. Our results suggest that NLRP3 inflammasome is
a potential therapeutic target and that naloxone reduces ischemic injury in NSCs by inhibiting NLRP3
inflammasome activation/assembly mediated by the activation of the PI3K signaling pathway.

Introduction
With the increase in stroke incidence and decrease in mortality associated with stroke, patients with long-
term neurological complications due stroke are on the rise [1]. Early restoration of perfusion after
ischemia can reduce the damage from a stroke, but the efficacy of reperfusion is limited by several
secondary injury mechanisms, including inflammation, oxidative stress, and apoptosis [2]. Increasing
clinical and experimental evidence suggests that inflammation plays a major role in secondary injuries
[3]. Stroke patients with systemic inflammation exhibit poor clinical outcomes [4–6]. Research shows that
pro-inflammatory cytokines, such as TNF-α, interleukin (IL)-1, and IL-6, appear to exacerbate brain injury
after stroke [7]. Recently, several studies have emphasized that the NOD-like receptor protein 3 (NLRP3)
inflammasome is responsible for cellular damage and mediates the inflammatory response to aseptic
tissue injury following cerebral ischemia [8, 9].

The NLRP3 inflammasome mediates caspase-1 activation and secretion of the pro-inflammatory
cytokines IL-1β/IL-18 and is a critical component of the innate immune system [10]. In animal stroke
studies, inhibition of the NLRP3 inflammasome reduced pro-inflammatory cytokines, resulting in
attenuation of cerebral infarction, edema, hemorrhagic transformation, and functional deficit [11].
Therefore, blocking or inhibiting the NLRP3 inflammasome may offer substantial promise to relieve
neurological exacerbation or poor prognosis during ischemic stroke. Endogenous neural stem cells
(NSCs), which reside in the central nervous system, have been shown to replace lost neurons in models
for numerous disorders, including cerebral ischemia, due to their regenerative capacity [12, 13].
Endogenous NSCs can also be damaged, and loss of their function could occur due to inflammatory
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processes after ischemic stroke. Therefore, finding methods to protect NSCs from ischemic injury and
associated inflammation is essential to reducing neurological sequelae after ischemic stroke.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway has been extensively studied as
one of the major cell survival pathways that can prevent ischemic brain injury [14, 15]. The PI3K/Akt
pathway is also important for NSC survival and is known to affect endogenous neurogenesis [16].
Therefore, various drugs have been investigated to upregulate the PI3K pathway and enhance its
neuroprotective effects after cerebral infarction [17, 18]. Naloxone is an opioid receptor antagonist that is
widely used for treatment in opioid overdose [19]. Previous clinical data has also demonstrated the
beneficial effects of naloxone against acute ischemic stroke [20, 21]. While its mechanisms of action are
not yet understood, several mechanisms have been proposed and the anti-inflammatory effects of
naloxone have been reported in several previous studies, focusing on the mu opioid receptors [22], the L-
type calcium channels [23], and the PI3K pathway [24]. A previous in vitro study showed that naloxone
was involved in the transcription and assembly of the NLRP3 inflammasome in activated THP-1 cells
[25]. However, its neuroprotective and anti-inflammatory effects against ischemic injury have not yet been
reported in NSCs.

In this study, the effect of oxygen-glucose deprivation, a well-known pathogenic mechanism of cerebral
infarction, on NSCs was examined [26]. The neuroprotective and anti-inflammatory effects of naloxone in
NSCs damaged by oxygen-glucose deprivation (OGD) were also investigated, as well as whether it has
any effect on NLRP3 inflammasome activation/assembly and the PI3K pathway, and what kind of
relationship exists between the NLRP3 inflammasome and the PI3K pathway.

Materials And Methods

Culture of NSCs and hNSCs
All animal-related procedures were performed in accordance with the Hanyang University Guidelines for
the Care and Use of Laboratory Animals and approved by the Hanyang University Institutional Animal
Care and Use Committee (IACUC). Every effort was made to minimize the number of animals used and
the pain caused. All animals were used only once.

A previously published protocol was followed for primary culture of embryonic NSCs [27–30]. NSCs were
obtained from embryonic rat cortexes on days 13‒14. Embryos were transferred to 100-mm petri dishes
containing ice-cold Hank’s balanced salt solution (HBSS; 0.3 mM Na2HPO4, 5.4 mM KCl, 137 mM NaCl,
2.5 mM HEPES, 5.6 mM glucose, and 0.4 mM KH2PO4) (Gibco, Frederick, MD, USA) and washed 4‒5
times using the same buffer. Single NSCs were isolated from the lateral ganglionic eminence, ventral
midbrain, and cerebral cortex of the embryos. The cells were moved to new petri dishes pre-coated with
poly-L-ornithine (Sigma, St. Louis, MO, USA) and fibronectin (Gibco) in Ca2+/Mg2+-free phosphate-
buffered saline (PBS, Gibco). The cells were then cultured in N2 medium (DMEM/F-12 (Gibco), 100 mg/L
transferrin (Prospec, Rehovot, Israel), 25 mg/L insulin (Gibco), 100 µM putrescine (Sigma), 30 nM selenite
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(Sigma), 0.2 mM ascorbic acid (Sigma), 20 nM progesterone (Sigma), 8.6 mM D(+) glucose (Sigma), 2
nM L-glutamine (Sigma), and 20 nM NaHCO3 (Sigma), to which basic fibroblast growth factor (bFGF;10
ng/mL, Gibco) was added.

Human neural stem cells (hNSCs; N7800-100, Gibco) were derived from National Institute of Health (NIH)
approved H9 (WA09) human embryonic stem cells (hESCs). hNSCs were cultured in StemPro® NSC SFM
complete medium (1× KnockOut™ DMEM/F12 (Gibco), 2 mM GlutaMax™-I supplement (Gibco), 20 ng/mL
bFGF (Gibco), 20 ng/mL EGF (Gibco), and 2% StemPro® Neural Supplement (Gibco)). The cells were
cultured in plates pre-coated with CeLLstart™ (1:100 dilution in Dulbecco’s phosphate-buffered saline (D-
PBS, Gibco) containing Ca2+/Mg2+, Gibco).

Culture medium was replaced every 2‒3 days and the cultures were maintained at 37°C with 5% CO2 in a
humid environment.

Exposure Of Nscs And Hnscs To Ogd And Treatment With Naloxone
Cells were subjected to OGD to evaluate its effects on their properties. All OGD experiments were
performed using a modular incubator chamber (Billups-Rothenberg, Inc., San Diego, CA, USA), and a gas
mixture containing 5% CO2, 5% H2, and N2 balance was flushed into the chamber for 0–24 h [31–33].

Naloxone was dissolved in distilled water to obtain a concentration of 10 mM, diluted to 100 µM, and
separated into aliquots in sterile microtubes. To determine the effects of naloxone on NSCs, the cells were
treated with 0, 0.001, 0.01, 0.1, 1, 10, or 100 µM naloxone for 24 h.

NSCs and hNSCs were treated with naloxone for 16 h following OGD to evaluate whether different
concentrations of naloxone (0, 0.001, 0.01, 0.1, 1, or 10 µM) could rejuvenate NSCs damaged by OGD. In
addition, NSCs were treated with naloxone during 1 h of OGD, to determine the early effects of naloxone
on the activation of the PI3K pathway (PI3K, pAkt, and pGSK-3β) [34, 35]. To investigate inflammasome
signaling, cells were treated with naloxone for 6 h of OGD.

To investigate whether the PI3K pathway is a crucial mediator of the effects of naloxone against OGD in
NSCs, cells were also treated with 10 µM LY294002 (Sigma) or 50 nM wortmannin (Sigma), a PI3K
inhibitor, 1 h before exposure to various conditions.

Trypan Blue Staining (Tbs) And Lactate Dehydrogenase (Ldh) Assays
NSCs and hNSCs were treated with different doses of naloxone and OGD, briefly washed twice with D-
PBS, and replaced with fresh medium. The cells were then stained using a trypan blue solution (Gibco)
for 2 min. Following staining, a cell count was carried out using a hemocytometer [36].



Page 5/24

Cytotoxicity due to LDH-releasing cells was evaluated using an LDH cytotoxicity detection kit (Takara,
Shiga, Japan). NSCs and hNSCs treated with naloxone and OGD were centrifuged at 200 × g for 10 min,
after which the supernatant was transferred to a new plate. The supernatant was added to colorimetric
solutions, and the mixture was incubated in dark according to the manufacturer’s instructions.
Cytotoxicity was detected using an enzyme-linked immunosorbent assay (ELISA) plate reader following
30 min of incubation (Synergy H1 Hybrid reader, BioTek, Winooski, VT, USA) at 492 nm and 690 nm.

Terminal Deoxynucleotidyl Transferase-mediated Deoxyuridine
Triphosphate Nick-end Labeling (Tunel) Staining
Apoptotic cells exposed to naloxone and OGD for 16 h were measured using TUNEL staining (Roche
Boehringer-Mannheim, Indianapolis, IN, USA) as per the manufacturer protocol. NSCs treated with OGD
and naloxone were fixed with 4% paraformaldehyde in D-PBS for 1 h. Fixed cells were then incubated with
3% H2O2 in methanol. After 10 min, the cells were washed with D-PBS and incubated with 0.5% Triton X-
100 in 0.1% sodium citrate. After 2 min, the TUNEL-stained cells were washed 2‒3 times with D-PBS for 2
min to monitor condensed, intact, and fragmented nuclei. The cells were then mounted with DAPI
mounting solution (Vector Laboratories Inc., Burlingame, CA, USA) and observed under a fluorescence
microscope (Eclipse Ti, Nikon, Tokyo, Japan).

Flow Cytometry Using Annexin V And Propidium Iodide (Pi)
To evaluate the degree of necrosis, apoptosis, and dead cells in NSCs, the FITC Annexin V Apoptosis
Detection Kit I (Becton Dickinson, Franklin Lakes, NJ, USA) was used. NSCs treated with naloxone and
OGD were washed several times with PBS and transferred to microtubes using a cell scraper. Cells were
then centrifuged at 300 × g for 5 min, and the pellets were saved. The pellets were resuspended in
annexin V binding buffer and mixed with annexin V and PI, as per the manufacturer’s protocol. Following
gentle mixing, the mixture was placed in the dark for 15 min, and annexin V binding buffer was added to
each sample. The samples were analyzed using a flow cytometer (Accuri C6 flow cytometer, Becton
Dickinson).

Immunostaining For Nestin And Ki67
To measure the effects of naloxone and OGD on the characteristics of NSCs, immunostaining was
performed to detect nestin and KI67. NSCs treated with OGD and naloxone were fixed with 2%
paraformaldehyde in D-PBS for 15 min. Fixed cells were then treated with 0.5% Triton X-100 in D-PBS for
permeabilization. After 5 min, the permeabilized cells were washed several times with D-PBS, and 3%
H2O2 was added to block endogenous peroxidase activity. After 20 min, the cells were then blocked with
5% normal serum in D-PBS for 1 h and incubated overnight with a specific primary antibody at 4°C. The
following antibodies were used in these experiments: anti-nestin (1:100, Abcam, Burlingame, CA, USA)
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and KI67 (1:100, Abcam). The cells were washed several times and processed using the appropriate
tetramethylrhodamine goat anti-rabbit IgG (H + L) (Life Technologies, Carlsbad, CA, USA) and goat anti-
mouse Alexa Fluor 488 (Life Technologies) secondary antibodies for 1 h. The cells were then washed,
mounted with DAPI mounting solution (Vector Laboratories Inc.), and analyzed using a fluorescence
microscope.

Brdu Cell Proliferation And Colony-forming Unit (Cfu) Assays
A BrdU labeling and detection kit (Roche Boehringer–Mannheim) was used to assess the effects of
naloxone and OGD on the proliferation of NSCs. NSCs treated with naloxone and OGD were labeled with
10 µM BrdU, as per the manufacturer’s instructions. Following 16 h of incubation, the cells were fixed with
a fixing solution for 30 min. An additional anti-BrdU-POD working solution was added to the cells and
incubated for 2 h in dark. The cells were then washed three times with washing solution and reacted with
the substrate for 5 min in dark. The proliferation of NSCs was measured using an ELISA plate reader at
370 nm and 492 nm.

In addition, a CFU assay was conducted based on a previously published protocol [37] to confirm the
proliferation of NSCs. NSCs were seeded in pre-coated 60-mm plates at 7 x 103 cells/cm2 and treated
with different doses of naloxone and subjected to OGD. The treated cells were then washed with D-PBS
and transferred to a culture medium. Following culture for 14 days, the cells were washed again and
stained with 0.5% crystal violet (Sigma) in methanol for 30 min. After staining, the cells were washed
several times with D-PBS for 10 min and allowed to air-dry. About 300–500 stained colonies were
counted.

Migration Assay
The QCM Chemotaxis Cell Migration Assay Kit (Chemicon, Temecula, CA, USA) was used to measure cell
migratory capacity. The assay was performed using a 24-well plate with an 8 µm pore size with
colorimetric detection. NSCs were seeded in the upper chamber, and different concentrations of naloxone
were added to the lower chamber. The cells were then exposed to OGD. The cells that had migrated
through the polycarbonate membrane were incubated with cell staining solution as per the
manufacturer’s instructions. The cells were then extracted and detected using an ELISA plate reader at
560 nm.

Western Blotting
The expression levels of key members of the PI3K pathway and the inflammasome in NSCs were
analyzed using western blotting. NSCs treated with different doses of naloxone and OGD were washed
with D-PBS and lysed with lysis buffer (RIPA II cell lysis buffer with Triton (1×), without EDTA (GenDEPOT,
Katy, TX, USA), 1 mM sodium fluoride (Sigma), 1 mM phenylmethylsulfonyl fluoride (Sigma), 0.5%
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protease inhibitor cocktail 1× (GenDEPOT), and 1 mM sodium orthovanadate (Sigma)). After incubating
on ice for 30 min, the cells were sonicated with Sonoplus (Bandelin Electronics, Berlin, Germany) and
incubated on ice for another 30 min. The lysates were then centrifuged at 16,200 × g for 15 min, and the
supernatant was transferred to a new microtube. The protein concentrations of the supernatant were
calculated using a bicinchoninic acid solution (Sigma) and copper (II) sulfate solution (Sigma). Equal
amounts of lysate protein were resolved by 4‒12% sodium dodecyl sulfate-polyacrylamide gel
(Invitrogen, Carlsbad, CA, USA) electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Ponceau S (Sigma) staining was performed for total
protein normalization, but all bands looked similar, so normalization was performed using a
housekeeping gene, GAPDH, for more accurate results. The membranes were then blocked with 2% skim
milk. The blocked membranes were then incubated overnight with a specific primary antibody. The
following antibodies were used in these experiments: anti-KI67 (1:200, Abcam), nestin (1:500, Millipore),
PI3K (1:500, Cell Signaling Technology, Beverly, MA, USA), pAkt (Ser-473, 1:100, Cell Signaling
Technology), Akt (1:1000, Cell Signaling Technology), pGSK-3β (Ser-9, 1:200, Cell Signaling Technology),
GSK-3β (1:1000, Cell Signaling Technology), Bcl-2 (1:200, Cell signaling Technology), Bax (1:500, Cell
signaling Technology), cleaved caspase-9 (1:200, Cell Signaling Technology), NLRP3 (2 µg/mL, Novus
Biologicals, Littleton, CO, USA), cleaved caspase-1 (2 µg/mL, Novus Biologicals), IL-1β (0.4 µg/mL,
Abcam), and GAPDH (1:4000, Cell Signaling Technology). The following day, membranes were washed
with Tris-buffered saline containing 0.1% Tween-20 (TBST) and then incubated with the appropriate
secondary antibodies: horseradish peroxidase-conjugated anti-rabbit antibody (1:2000, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and anti-mouse antibody (1:2000, Jackson
ImmunoResearch Laboratories, Inc.) for 1 h. The membranes were washed with TBST buffer, followed by
West-Q chemiluminescent substrate plus kit (GenDEPOT) to detect the membranes. Protein bands were
visualized using a biomolecular imager (ImageQuant LAS 4000, GE Healthcare, Little Chalfont, UK) and
the images were quantified using an image analyzer (ImageQuant TL 7.0 image analysis software, GE
Healthcare). Relative levels of pAKT and pGSK3β were normalized to the levels of AKT and GSK3β
respectively. The expression levels of other key factors of the PI3K pathway and the inflammasome were
normalized to GAPDH expression.

Statistical Analyses
All data is presented as mean ± standard deviation from three or more independent experiments.
Statistical analyses of three or more datasets were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s HSD test. Two-tailed p-values less than 0.05 were considered statistically
significant. All statistical analyses were performed using the SPSS 21.0 software package for Windows
(SPSS Inc., Chicago, IL, USA).

Results
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Effect of OGD and Naloxone on Viability, Cytotoxicity, and
Proliferation of NSCs and hNSCs
NSCs were subjected to OGD for 4, 8, 16, or 24 h. TBS and LDH assays revealed that OGD significantly
reduced NSC viability and increased cytotoxicity in a time-dependent manner (Fig. 1A, B). As cell viability
was 70% after 16 h of OGD, this duration was considered optimal for subsequent experiments (Fig. 1A).
TBS, LDH, and CFU assays revealed that naloxone alone at concentrations up to 100 µM did not influence
NSC viability, cytotoxicity, and proliferation (Fig. 1C‒F).

The effects of different concentrations of naloxone on NSCs subjected to OGD for 16 h were determined.
NSC viability and cytotoxicity were assessed using TBS and LDH assays, respectively. Treatment with
naloxone at 0.1 µM and 1 µM significantly increased NSC viability (Fig. 2A) and remarkably reduced
cytotoxicity (Fig. 2B) compared to NSCs subjected to OGD alone.

To investigate the effects of naloxone on hNSCs damaged by OGD, hNSCs were subjected to OGD for 16
h and simultaneously treated with 0.001, 0.01, 0.1, and 1 µM naloxone. TBS and LDH assays were
performed to evaluate the cell viability and cytotoxicity, respectively. Like the results in NSCs (Fig. 2),
viability was increased (Fig. S1A), and cytotoxicity was decreased (Fig. S1B) in hNSCs treated with 0.01–
1 µM naloxone compared to hNSCs treated with OGD alone. Thus, naloxone is expected to exhibit similar
neuroprotective effects in humans. Since obtaining large amounts of hNSCs to proceed with the
experiments was difficult, subsequent experiments were performed using NSCs.

Effect Of Naloxone On Apoptosis And Cell Death Of Nscs
Damaged By Ogd
TUNEL staining was performed to evaluate the effect of naloxone on the apoptosis of NSCs. TUNEL-
positive cells increased after OGD but were reduced by treatment with naloxone at concentrations up to
10 µM (Fig. 3A, B). Flow cytometry was performed with several antibodies to evaluate whether OGD and
naloxone influence NSC death. Necrosis and apoptosis of NSCs were evaluated by flow cytometry, which
confirmed that OGD significantly increased NSC death, while 0.1 µM and 1 µM naloxone attenuated OGD-
induced NSC death (Fig. 3C, D).

Effect Of Naloxone On The Proliferation And Migration
Capacity Of Nscs Injured By Ogd
Proliferation is one of the most important characteristics of NSCs. Intracellular protein levels of KI67 (a
well-known proliferation marker) and nestin (a neural stem cell marker) were evaluated by
immunocytochemistry. The proliferation of NSCs was confirmed by BrdU and CFU assays. OGD reduced
the expression of KI67 and nestin in NSCs, but administration of naloxone restored KI67 and nestin levels
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(Fig. 4A). In addition, OGD significantly reduced the BrdU-positive cells and the number of colonies in the
BrdU and CFU assays. Treatment with 0.1 µM and 1 µM naloxone significantly increased the number of
BrdU-positive cells and the number of colonies (Fig. 4B‒D).

Migratory capacity is another important characteristic of stem cells. Migration assay kits were used to
evaluate whether OGD and naloxone affected NSC migration. OGD markedly reduced the migratory
capacity of NSCs compared with that of control. However, it was restored by treatment with 0.1 µM and 1
µM naloxone (Fig. 4E).

Effect of OGD and Naloxone on Intracellular Signaling
Proteins Related to Proliferation, Survival, and NLRP3
Inflammasome Activation/Assembly in NSCs
Western blotting was performed to measure levels of intracellular signaling proteins affected by OGD and
naloxone in NSCs. The expression levels of KI67 and nestin were markedly reduced in NSCs subjected to
OGD for 16 h but significantly increased after naloxone treatment in a concentration-dependent manner
up to 1 µM (Fig. 5A, B). The expression levels of PI3K, pAkt (Ser473), and pGSK-3β (Ser 9), which are
associated with survival signals, were also reduced in NSCs after 1 h of OGD but were restored by
naloxone (Fig. 5C, D). Bcl-2 level was reduced after 16 h of OGD but increased with naloxone treatment
(Fig. 5E, F). In contrast, the levels of Bax and cleaved caspase-9, which are associated with cell death
signals, increased after 16 h of OGD but reduced after naloxone treatment (Fig. 5E, F). In addition, levels
of NLRP3 inflammasome signal-related proteins, such as NLRP3, cleaved caspase-1, and IL-1β, were
markedly increased in NSCs subjected to OGD for 6 h but recovered after naloxone treatment (Fig. 5G, H).
NSCs were subjected to OGD for 2‒16 h to investigate alterations in the expression levels of
inflammasome factors. As a result, 6 h of OGD was confirmed to cause the greatest change in the levels
of inflammasome-associated proteins (Fig. S2A, B). Protein expression was normalized against GAPDH
(Fig. S3J). Figure S3A–I show non-cutting gels to demonstrate that the antibodies were specific. The
specificity of antibodies was confirmed using only the secondary antibody without the corresponding
primary antibody in western blotting analysis (Fig. S3K). Protein markers were loaded to identify the
molecular weight of each protein band, but markers were not detected in the chemical reaction (Fig. S4).
Therefore, the exact molecular weight and arrows for each protein band are shown in Fig. 5A and Fig. S3.

Role of the PI3K pathway in the Naloxone-Induced Recovery
of OGD-Damaged NSCs via Inhibition of NLRP3
Inflammasome Activation/Assembly
Survival and proliferation of NSCs were impaired by OGD. However, naloxone effectively rescued these
properties. NLRP3 inflammasome activation/assembly and the PI3K pathway were strongly affected by
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OGD but were restored to normal levels by naloxone. To investigate the relationship between NLRP3
inflammasome activation/assembly and the PI3K pathway in the rejuvenation of NSCs by naloxone,
NSCs were pretreated with a PI3K inhibitor (LY294002 and wortmannin) prior to OGD and naloxone
treatment. Through trypan blue staining and western blotting, it was confirmed that the PI3K inhibitor
blocked the effect of naloxone on NSCs injured by OGD; therefore, the viability of these cells was
significantly decreased compared to that of the NSCs not pretreated with the PI3K inhibitor (Fig. 6A, D).
The inhibition of NLRP3 inflammasome activation/assembly by naloxone was abolished by treatment
with a PI3K inhibitor. The expression levels of NLRP3 inflammasome signaling-associated proteins
decreased in response to naloxone treatment in NSCs injured by OGD but were significantly increased
when cells were pretreated with the PI3K inhibitor (Fig. 6B, C, E, F).

Discussion
In the present study, it was demonstrated that naloxone improved the viability, proliferation, and migration
of NSCs injured by OGD and exhibited neuroprotective effects by inhibiting NLRP3 inflammasome
activation/assembly via activation of PI3K signaling. The viability of OGD-injured NSCs significantly
increased, and cytotoxicity, apoptosis, and cell death significantly decreased after treatment with 0.1 µM
and 1 µM naloxone (Fig. 2 and Fig. 3). Moreover, the proliferation and migratory capacity of NSCs injured
by OGD significantly decreased and recovered after treatment with 0.1 µM and 1 µM naloxone (Fig. 4).
Western blotting analysis revealed that the expression of proliferation markers (KI67 and nestin) and
survival-related proteins (PI3K, pAkt, pGSK3β, and Bcl-2) decreased in OGD-injured NSCs but recovered
after naloxone treatment (Fig. 5A‒D). Cell death-related proteins (Bax and cleaved caspase-9) were
upregulated in NSCs after OGD but decreased with naloxone treatment (Fig. 5E, F). Pre-treatment with the
PI3K inhibitors LY294002 (Fig. 6A) or wortmannin (Fig. 6D) abrogated the neuroprotective effects of
naloxone on OGD-injured NSCs, indicating that the neuroprotective effects of naloxone are PI3K-
dependent. In the present study, the effects of naloxone on the expression of the NLRP3 inflammasome
and related proteins were also evaluated in relation to the PI3K pathway. Marked activation of the NLRP3
inflammasome and increase in the cleaved caspase-1 and IL-1β levels were observed in OGD-injured
NSCs, and the effect of OGD was attenuated by naloxone treatment in a dose-dependent manner (Fig. 5G,
H). Pre-treatment with LY294002 (Fig. 6B, C) or wortmannin (Fig. 6E, F) eliminated the effects of naloxone
on the NLRP3 inflammasome activation/assembly and its signal-related proteins, suggesting that
inhibitory effects of naloxone may be related to the PI3K pathway. However, in the present study,
naloxone did not exhibit neuroprotective properties at concentrations greater than 10 µM. Some studies
have suggested that naloxone exhibits anticancer properties through various mechanisms [38, 39], so
naloxone could be toxic to cells at high concentrations. Although there is no direct evidence that naloxone
is toxic to NSCs, Cheng et al. [40] showed that the protective properties of naloxone peaked at a
concentration of 1.0 µM in BV2 mouse microglial cells and decreased at 2.0 µM. Therefore, naloxone may
be toxic to NSCs at concentrations greater than 10 µM, as shown in the present study.
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In central nervous system diseases, it is important to consider species differences. Therefore, we also
investigated the effects of OGD and naloxone on the viability and cytotoxicity of hNSCs. OGD reduced
hNSC viability and induced cytotoxicity. Treatment with 0.01–1 µM naloxone significantly increased
viability and decreased cytotoxicity in hNSCs damaged by OGD (Fig. S1). From these results, the
neuroprotective effects of naloxone in hNSCs are similar to those of NSCs under ischemic conditions.
However, since obtaining a large amount of hNSCs to proceed with the following experiments was
difficult, the subsequent experiments were performed using NSCs.

Recently, increasing evidence has implicated that NLRP3 inflammasome signaling and its
activation/release products, apoptosis-associated speck-like protein (ASC), caspase-1, and IL-1β, are
essential for mediating inflammatory responses in aseptic tissue injury during ischemic stroke [9, 41] and
other neurodegenerative diseases [42–45]. Several previous animal studies have indicated that inhibition
of NLRP3 inflammasome activation/assembly mitigates ischemic damage and neurovascular
complications in stroke models [46–48]. Toll-like receptor 4 (TLR4) is a transmembrane protein whose
activation leads to the production of inflammatory cytokines, which play a central role in activating the
innate immune system [49]. Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a
key downstream factor of TLR4 signaling and a central mediator of the priming signal of NLRP3
inflammasome activation and induces transcription of NLRP3 and pro-IL-1β [50, 51]. Previous studies
have reported that TLR4 expression is elevated [52], and NF-kB is activated [53] following cerebral
ischemia, promoting inflammatory reactions that further aggravate ischemic brain injury. In addition, the
degree of ischemic brain injury and neuroinflammation was significantly lower in TLR4-deficient mice
when compared to that in wild-type mice [54]. Naloxone is a well-known opioid antagonist and,
interestingly, acts as a TLR4 antagonist, inhibiting opioid- or lipopolysaccharide (LPS)-induced TLR4
signaling [55]. It has been suggested to have neuroprotective and anti-inflammatory effects in cerebral
ischemic conditions. A previous in vivo study demonstrated the neuroprotective effects of intranasal
naloxone, which reduced microglial activation and improved behavioral recovery caused by ischemic
injury in rats that suffered from cortical stroke [56]. There are also few reports on the anti-inflammatory
effect of naloxone that focus on the NLRP3 inflammasome and related signals in THP-1 human
monocytic leukemia cells [25] and BV-2 murine microglial cells [57]. However, the neuroprotective effects
of naloxone on NSCs with ischemic injury in association with the NLRP3 inflammasome and its related
proteins have not been investigated. We could postulate from our data that naloxone, as a TLR4
antagonist, binds to TLR4 and attenuates NF-κB activation, which leads to diminished NLRP3
inflammasome activation/assembly and cleaved caspase-1 and pro-inflammatory cytokine synthesis in
OGD-injured NSCs.

Several recent studies have reported that TLR4 and PI3K signaling pathways counter-regulate each other
[58–60]. Many studies have demonstrated crosstalk between TLR signaling and the PI3K pathway
underlying the myocardial protection against ischemia/reperfusion (I/R) injury [61–63]. Li et al. reported
that activation of PI3K signaling is associated with decreased myocardial ischemic injury through
modulation of TLR4-mediated signaling [64]. They reported that glucan phosphate, a ligand of TLR4, may
shift TLR4 signaling pathways from a predominant NF-κB pathway to the PI3K/Akt signaling pathway,
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which has a protective role in myocardial I/R injury. Their results suggested a possible reciprocal
regulation between the NF-κB and PI3K/Akt signaling pathways during myocardial I/R injury. Most
studies on the crosstalk between TLR signaling and the PI3K pathway are on myocardial I/R injury, but
brain ischemia-related studies are limited. In this study, the levels of the NLRP3 inflammasome, cleaved
caspase-1, and pro-inflammatory cytokine IL-1β were elevated in NSCs damaged by OGD and were
decreased by naloxone, a TLR4 antagonist. However, this effect was attenuated by the PI3K inhibitors
LY294002 and wortmannin, suggesting that PI3K pathway is related to inhibitory effect of naloxone on
the NLRP3 inflammasome signaling pathway in NSCs. TLR4-mediated signaling modulation by naloxone
may be a potential therapeutic target that can ultimately reduce ischemic injury in NSCs through
activation of the PI3K pathway and inhibition of NLRP3 inflammasome signaling pathway.

Several other reports highlight the relationship between the PI3K pathway and the NLRP3 inflammasome
activation/assembly. Our results are consistent with several previous reports suggesting that PI3K
pathway might have an inhibitory effect on the activation/assembly of the NLRP3 inflammasome [35,
65]. In contrast, few reports indicate that the PI3K pathway can activate the NLRP3 inflammasome [66,
67]. The relationship between the PI3K pathway and NLRP3 inflammasome activation/assembly is
complex and may vary depending on the cell line and other conditions. However, to the best of our
knowledge, this is the first study to show the inhibitory effects of naloxone on NLRP3 inflammasome
activation/assembly in relation to the PI3K pathway in NSCs injured by OGD.

Our study has several limitations. Firstly, although we investigated the effects of OGD and naloxone on
the viability and cytotoxicity of hNSCs, it was difficult to secure a large amount of hNSCs for subsequent
experiments. Therefore, we conducted most of the experiments using embryonic NSCs from rodents. As
OGD usually occurs in the adult brain with ischemic stroke, it might be more reasonable to evaluate this
experiment using adult NSCs. However, as most adult NSCs proliferate slowly, in vitro expansion may
have been insufficient for preclinical studies [68]. Secondly, we performed in vitro experiments, which
might vary from in vivo conditions. Therefore, we cannot guarantee that OGD and naloxone will have
similar effects on NSCs under in vivo conditions. Thirdly, NLRP3 inflammasome activation/assembly
seems to involve many combinations of conditions and processes, as well as the PI3K pathway. Verifying
the exact relationship between the PI3K pathway and NLRP3 inflammasome activation/assembly
requires further study. However, this is the first study to demonstrate the neuroprotective and anti-
inflammatory effects of naloxone on NSCs injured by OGD and its inhibitory effect on NLRP3
inflammasome activation/assembly in relation to the activation of the PI3K pathway. Targeting
neuroprotective and anti-inflammatory aspects can improve therapeutic efficacy and prognosis after
post-stroke brain injury.

In conclusion, naloxone improved the survival, proliferation, and migration of NSCs and reduced
cytotoxicity and apoptosis in NSCs in OGD environments. In addition, naloxone also exhibited anti-
inflammatory effects by inhibiting NLRP3 inflammasome activation/assembly in relation to the
activation of the PI3K pathway.
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Figure 1

Effects of OGD and naloxone on NSCs viability, cytotoxicity, and proliferation. (A, B) OGD markedly
decreased viability and increased cytotoxicity in NSCs in a time-dependent manner. Naloxone at
concentrations up to 100 μM did not affect cell viability (C), cytotoxicity (D), or proliferation (E, F) of
NSCs. All data are represented as mean (% of control) ± standard deviation of a minimum of three
independent experiments and were analyzed using Tukey's test after a one-way analysis of variance (n =
3). *p < 0.05, **p < 0.01 (vs. the control group). OGD, oxygen-glucose deprivation, NSCs, neural stem cells.

Figure 2
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Effects of naloxone on viability and cytotoxicity of OGD-damaged NSCs. (A) NSC viability was
significantly reduced after 16 h of OGD but significantly increased after naloxone treatment. (B)
Cytotoxicity also increased after OGD but decreased after naloxone treatment. All data are represented as
mean (% of control) ± standard deviation of a minimum of three independent experiments and were
analyzed using Tukey's test after a one-way analysis of variance (n = 4). *p < 0.05, **p < 0.01 (vs. the
control group), and #p < 0.05, ##p < 0.01 (vs. the group subjected to OGD alone). NSCs, neural stem cells,
OGD, oxygen-glucose deprivation.

Figure 3

Effects of naloxone on apoptosis, necrosis, and cell death of NSCs damaged by OGD. Apoptosis of NSCs
was evaluated using TUNEL staining. (A, B) OGD upregulated apoptosis but it was significantly reduced
by naloxone treatment. The data show TUNEL-positive cells. (C, D) Flow cytometry analysis using
Annexin V and PI showed that living cells decreased after OGD but increased with naloxone treatment. All
data are represented as mean (% of control) ± standard deviation of a minimum of three independent
experiments and were analyzed using Tukey’s test after a one-way analysis of variance (n = 4). *p < 0.05,
**p < 0.01 (vs. the control group), and #p < 0.05, ##p < 0.01 (vs. the group subjected to OGD alone). NSCs,
neural stem cells, OGD, oxygen-glucose deprivation.
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Figure 4

Effects of naloxone on proliferation and migration capacity of OGD-damaged NSCs. (A) Proliferation of
NSCs injured by OGD was measured by immunostaining for KI 67 and nestin, which are markers for
proliferation and neural stem cells, respectively. NSCs proliferation was also confirmed by BrdU (B) and
colony forming unit (CFU) (C, D) assays. It was shown that naloxone improved the proliferation of OGD-
exposed NSCs. (E) The migratory capacity of NSCs was reduced after exposure 16 h of OGD, however,
naloxone treatment efficiently restored migratory capacity of NSCs. All data are represented as mean (%
of control) ± standard deviation of a minimum of three independent experiments and were analyzed
using Tukey's test after a one-way analysis of variance (n = 4). *p < 0.05, **p < 0.01 (vs. the control group),
and #p < 0.05, ##p < 0.01 (vs. the group subjected to OGD alone). NSCs, neural stem cells, OGD, oxygen-
glucose deprivation.
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Figure 5

Effects of naloxone on the expression levels of intracellular signaling proteins impaired by OGD in NSCs.
Expression levels of intracellular signaling proteins associated with cell proliferation and survival in NSCs
subjected to OGD and treated with naloxone were evaluated via western blotting. Naloxone markedly
restored expression levels of proteins related to survival and proliferation of OGD-damaged NSCs (A‒F)
and significantly restored the expression of inflammasome factors, such as NLRP3, cleaved caspase-1,
and IL-1β, in NSCs impaired by 6 h OGD treatment (G, H). All data are represented as mean (% of control)
± standard deviation of a minimum of three independent experiments and were analyzed using Tukey’s
test after a one-way analysis of variance (A, B: KI67, n = 3, nestin, n = 3, C, D: PI3K, n = 5, pAKT, n = 4, AKT,
n = 4, pGSK3β, n = 4, GSK3β, n = 4, E, F: Bcl-2, n = 6, Bax, n = 5, cleaved caspase 9, n = 5, G, H: NLRP3, n =
5, cleaved caspase 1, n = 5, IL-1β, n = 5). *p < 0.05, **p < 0.01 (vs. the control group), and #p < 0.05, ##p <
0.01 (vs. the group subjected to OGD alone). OGD, oxygen-glucose deprivation, NSCs, neural stem cells.
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Figure 6

Role of the PI3K pathway in naloxone-induced recovery of OGD-damaged NSCs. Pre-treatment of NSCs
with a PI3K inhibitor (LY294002 or wortmannin) significantly attenuated the protective effects of
naloxone on NSC viability (A, D) and its inhibitory effects on inflammasome-associated proteins (B, C, E,
F) in OGD-injured NSCs. Data are represented as the mean (% of control) ± standard deviation of a
minimum of three independent experiments and were analyzed using Tukey's test after a one-way
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analysis of variance (A, n = 5, C, NLRP3, n = 3, cleaved caspase 1, n = 3, IL-1β, n = 3, D, n = 3, F, NLRP3, n =
3, cleaved caspase 1, n = 4, IL-1β, n = 4). *p < 0.05, **p < 0.01 (vs. the control group), #p < 0.05, ##p < 0.01
(vs. the group subjected to OGD alone), $p < 0.05, $$p < 0.01 (vs. the group subjected to OGD and 0.1 µM
naloxone), and †p < 0.05, ††p < 0.01 (vs. the group subjected to OGD and 1 µM naloxone). PI3K,
phosphatidylinositol 3-kinase, OGD, oxygen-glucose deprivation, NSCs, neural stem cells.
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