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ABSTRACT

Background and Purpose: Neural stem cells (NSCs) have the ability to regenerate, 
proliferate, and differentiate, enabling them to play important roles in the recovery of the 
damaged nervous system. However, in neurodegenerative diseases such as Alzheimer's 
disease (AD), the NSCs are damaged as well. Glia-like cells from human mesenchymal 
stem cells (ghMSCs) are functionally enhanced adult stem cells. In the present study, we 
investigated whether ghMSCs could protect NSCs from amyloid beta (Aβ)-mediated toxicity.
Methods: Rat NSCs were obtained from E13–14 fetal rat cortices. NSCs were seeded in 
pre-coated plates, and the next day, cells were simultaneously treated with 20 μM Aβ and 
0.4 μm pore insert well-seeded ghMSCs. After 48 hours of co-treatment, cell viability and 
proliferation were evaluated. After 2 hours of co-treatment, western blotting was performed 
to measure inflammasome-related factors, such as NOD-like receptor family pyrin domain 
containing 3, caspase-1, and interleukin-1β.
Results: The results showed that ghMSCs increased viability and proliferation and reduced 
the toxicity of NSCs injured by Aβ by reducing the NRLP3 inflammasome activation of NSCs 
induced by Aβ.
Conclusions: In this study, we confirmed that ghMSCs could protect NSCs in an in vitro model 
of AD through the regulation of inflammatory response.

Keywords: Alzheimer's Disease; Amyloid; Neural Stem Cells; Mesenchymal Stem Cells; 
Inflammasomes

INTRODUCTION

Alzheimer's disease (AD), the most common neurodegenerative disease which is rapidly 
becoming the most serious social problem worldwide, does not have a cure yet.1 In AD, 
neurofibrillary tangles and amyloid plaques are the most representative lesions. These 
lesions lead to neuronal loss, memory loss, and cognitive impairment of the brain.2 In 
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particular, amyloid beta1-42 (Aβ1-42) oligomers produced from amyloid precursor protein are 
the most toxic to neurons.3,4 Thus, numerous studies targeting Aβ1–42 have been conducted for 
the treatment of AD.5

Recently, much emphasis has been laid on the role of neuroinflammation in the pathogenesis 
of AD. The deposition of Aβ drives the activation of microglia in AD.6 Microglial activation 
increases interleukin-1β (IL-1β) secretion in response to Aβ, a phenomenon that requires 
caspase-1. Caspase-1 activity is associated with inflammasomes. The NOD-like receptor family 
pyrin domain containing 3 (NLRP3) inflammasome induces pyroptotic cell death by regulating 
several neuroinflammatory responses in AD.7 Heneka et al.7 demonstrated that Aβ-induced 
invigoration of the NLRP3 inflammasome reinforces AD progression in an in vivo model of AD; 
therefore, inhibiting the activity of the NLRP3 inflammasome is important in AD.7

Neural stem cells (NSCs) localize in the subgranular zone of the hippocampal dentate gyrus, 
hypothalamus, and subventricular zone in the brain.8 NSCs are involved in the course of 
regeneration of the damaged brain. NSCs can replace lost or damaged neurons through their 
multipotent nature and ability to self-renew. As such, it has been suggested as a therapeutic 
strategy for neurological diseases such as AD.9 However, Aβ oligomers also damage NSCs. 
Therefore, it is crucial to identify ways of protecting NSCs from Aβ-induced toxicity.

Early-passage human mesenchymal stem cells (hMSCs) exhibit paracrine activity and secrete 
growth factors and cytokines in the damaged nervous system.10 Early-passage cells have much 
more protective effects in the damaged brain than late-passage cells; however, obtaining 
sufficient amounts of early-passage hMSCs for clinical trials can be hard.11 Our previous 
study confirmed that late-passage hMSCs could be induced into glia-like cells from hMSCs 
(ghMSCs) with enhanced paracrine activities.11 Since ghMSCs are functionally-enhanced 
adult stem cells, there is no fear of side effects that could induce either an immune response 
or tumor formation associated with the use of these cells.11

In the present study, we investigated whether ghMSCs could protect NSCs exposed to an in 
vitro model of AD, and how ghMSCs affect the NLRP3 inflammasome that is involved in NSC 
damage in an in vitro model of AD.

METHODS

Culture of NSCs
All procedures involving animals were performed in accordance with the Hanyang University 
guidelines for the care and use of laboratory animals and were approved by the Institutional 
Animal Care and Use Committee of Hanyang University (No. 2019-0162A).

For the primary culture of embryonic NSCs, we followed previously published methods.4,12-14 
NSCs were obtained from E13–14 fetal rat cortices. Embryos were transferred to a 100-mm petri 
dish. The embryos were washed 3–4 times with Hank's balanced salt solution (2.5 mM HEPES, 
5.6 mM glucose, 0.4 mM KH2PO4, 0.3 mM Na2HPO4, 5.4 mM KCl, 137 mM NaCl; Gibco, BRL, 
Grand Island, NY, USA). NSCs were isolated from the ventral midbrain, lateral ganglionic 
eminence, and cerebral cortex of fetal rats. The cells were then seeded in culture dishes. Culture 
dishes were pre-coated with poly-L-ornithine/fibronectin in Ca2+/Mg2+-free phosphate buffered 
saline (PBS; Gibco). Cells were cultured in the N2 medium (Dulbecco's modified Eagle's 
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medium [DMEM]/F12, 20 nM NaHCO3, 8.6 mM D(+) glucose, 2 nM L-glutamine, 0.2 mM 
ascorbic acid, 20 nM progesterone, 100 μM putrescine, 30 nM selenite, 100 mg/L transferrin, 25 
mg/L insulin; Sigma-Aldrich, St. Louis, MO, USA). The culture medium was supplemented with 
10 ng/mL basic fibroblast growth factor (bFGF; Gibco) and changed every 2–3 days. Cultures 
were maintained at 37°C under a humidified 5%-CO2 atmosphere.

Culture of hMSCs
Adult hMSCs were obtained from normal human bone marrow (BM; Cambrex Bioscience, 
Walkersville, MD, USA). The cells were cultured in low-glucose DMEM supplemented with 
10% fetal bovine serum (Gibco). hMSCs (passages 6–12) were cultured at 37°C under a 
humidified 5%-CO2 atmosphere.

Glia-like cell induction of hMSCs (ghMSCs)
For the induction of ghMSCs, we followed our previously reported protocols.15 First, 
hMSCs were incubated with 1 mM β-mercaptoethanol (Sigma-Aldrich). After 24 hours of 
incubation, the cells were added to 0.28 μg/mL all-trans-retinoic acid (Sigma-Aldrich). After 
3 days, the cells were treated with a cocktail containing HRG-β1 (200 ng/mL; R&D Systems, 
Minneapolis, MN, USA), 10 μM forskolin (Sigma-Aldrich), 5 ng/mL PDGF-AA, and 10 ng/mL 
bFGF (both from PeproTech, Rocky Hill, NJ, USA) for 8 days.

Co-culture with ghMSCs
To assess the effects of ghMSCs on Aβ-injured NSCs, NSCs treated with Aβ oligomers were 
co-cultured with ghMSCs. NSCs were first seeded in pre-coated 24-well plates and, the next 
day, simultaneously treated with 20 μM Aβ and 0.4 μm pore insert well-seeded ghMSCs. 
The treated cells were co-cultured for 48 hours to evaluate cell viability, proliferation, and 
cytotoxicity. They were also co-cultured for 2 hours to measure the expression level of 
inflammasome factors such as NLRP3, caspase-1, and IL-1β by western blotting. NSCs were 
seeded at 1×105 cells/cm2 for 48 hours co-culture and at 4×105 cells/cm2 for 2 hours co-culture. 
ghMSCs were seeded at 2.7×104 cells/cm2 for 48 hours co-culture and at 2.7×104 cells/cm2 for 2 
hours co-culture.

Aβ25–35 oligomerization
The Aβ25–35 peptide (Sigma-Aldrich) was re-suspended in dimethyl sulfoxide (Panreac, 
Barcelona, Spain) at a 5 mM concentration and added to DMEM/F-12 (Gibco) at a final 1 mM 
concentration. The peptide was incubated for 24 hours at 4°C for oligomerization.

Cell counting kit-8 (CCK-8) and lactate dehydrogenase (LDH) assays
CCK-8 (Dojindo, Kumamoto, Japan) was used to measure the viability of NSCs by combining 
1-methoxy-5-methylphenazinium methyl sulfate and water soluble tetrazolium salt-8 
[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 
monosodium salt]. NSCs were co-cultured with Aβ and ghMSCs for 48 hours, and then the 
cells were replaced with a new culture medium containing CCK-8 reagent according to the 
manufacturer's instructions. After 2 hours of incubation, the viability of NSCs was assessed 
using a Synergy H1 Hybrid enzyme-linked immunosorbent assay (ELISA) reader (BioTek, 
Winooski, VT, USA) at 450 nm and 650 nm.

An LDH cytotoxicity detection kit (Takara, Kusatsu, Japan) was used to evaluate the 
cytotoxicity of NSCs releasing LDH. NSCs co-cultured with Aβ and ghMSCs were centrifuged 
at 200 × g for 10 m, and the supernatant was transferred to a new plate. The supernatant was 
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added to the mixture of dye solution and a catalyst for 30 minutes without light, according to 
the manufacturer's instructions. After that, the amount of generated formazan was evaluated 
using an ELISA reader at 492 nm and 690 nm.

Trypan blue staining
NSCs co-cultured with Aβ and ghMSCs were washed twice using Dulbecco's PBS and 
transferred to a new culture medium. The cells were then stained with trypan blue solution 
(Gibco) for 2 minutes. Live and dead cells were counted with a hemocytometer.8

Bromodeoxyuridine (BrdU) cell proliferation assay
A cell-proliferation ELISA BrdU (colorimetric) kit (Roche, Mannheim, Germany) was used 
to quantify the proliferation of NSCs. According to the manufacturer's instructions in the 
kit, NSCs co-cultured with Aβ and ghMSCs were labeled with 10 μM BrdU for 18 hours and 
fixed with a fixation solution for 30 minutes. Then, the fixed cells were added to 300 μL of 
anti-BrdU-POD working solution. After 2 hours of incubation without light, the samples were 
washed with a washing solution. Finally, the cells reacted with 300 μL of the substrate. After 
10 minutes at room temperature without light, the samples were evaluated using an ELISA 
reader at 370 nm and 492 nm.

Western blotting
To investigate the expression levels of inflammasome factors such as NLRP3, caspase-1, and 
IL-1β, in NSCs co-cultured with Aβ and ghMSCs, western blotting was performed. Briefly, 
cells were collected by scraper and centrifuged at 6,000 × g for 2 minutes at 4°C. Pellets were 
washed twice and added to lysis buffer (0.5% protease inhibitor cocktail 1×, 1 mM sodium 
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, RIPA II cell lysis buffer 1× with Triton, 
without ethylenediaminetetraacetic acid, and 1 mM sodium fluoride [Sigma-Aldrich]). After 
30 minutes of incubation on ice, the cells were sonicated several times using a sonicator 
(Sonoplus; Bandelin Electronics, Berlin, Germany). After another 30 minutes of incubation 
on ice, the lysates were centrifuged at 21,100 × g for 15 minutes at 4°C, and the protein 
concentrations of lysates were calculated using a bicinchoninic acid protein assay kit (Sigma-
Aldrich). Lysate samples containing equal amounts of protein Proteins were resolved by 4%–
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA, 
USA). The proteins were then transferred to polyvinylidene fluoride membranes (Millipore, 
Bedford, MA, USA). The membranes were blocked with 5% skimmed milk. After blocking, 
the membranes were incubated with a specific primary antibody. The antibodies used in 
these experiments were as follows: NLRP3 (2 μg/mL; Novus Biologicals, Littleton, CO, 
USA), caspase-1 (2.5 μg/mL, Novus Biologicals), IL-1β (0.4 μg/mL; Abcam, Burlingame, CA, 
USA), and β-actin (1:4,000; Cell Signaling Technology, Beverly, MA, USA). The membranes 
were washed thrice with Tris-buffered saline containing 0.1% Tween-20, followed by 
incubation with horseradish peroxidase-conjugated anti-rabbit antibody (1:2,000; Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA, USA). The membranes were stained 
and visualized using a West-Q Chemiluminescent Substrate Kit (GenDEPOT, Katy, TX, 
USA). Visualized images were analyzed using ImageQuant LAS 4000 (GE Healthcare, Little 
Chalfont, UK).

Statistical analysis
All data are expressed as the mean±standard deviation of 3 independent experiments. Statistical 
comparisons between different treatment groups were performed using Tukey's test after a 
1-way analysis of variance. The p-values less than 0.05 were considered statistically significant.
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RESULTS

ghMSCs increase the viability and proliferation while reducing the 
cytotoxicity of NSCs injured by Aβ
To confirm that ghMSCs protect NSCs from Aβ, NSCs seeded at 1×105 cells/cm2 and treated 
with 20 μM Aβ were co-cultured with ghMSCs seeded at 2.7×104 cells/cm2, and the viability 
was measured using a CCK-8 assay and trypan blue staining. The results showed that Aβ 
decreased the viability of NSCs, but co-treatment with ghMSCs increased the viability of 
NSCs injured by Aβ (p<0.001, Fig. 1A and B). To assess the effect of ghMSCs on the toxicity 
of Aβ to NSCs, released LDH was evaluated using a cytotoxicity detection assay. The LDH 
cytotoxicity detection assay demonstrated that Aβ increased the cytotoxicity of NSCs. 
However, the Aβ-induced cytotoxicity of NSCs was significantly reduced by co-culturing 
with ghMSCs (p<0.001, Fig. 1C). Next, we performed a BrdU assay to determine how Aβ and 
ghMSCs affect NSC proliferation. The results demonstrated that the proliferation of NSCs 
was reduced in the group treated with Aβ but increased in the group co-treated with Aβ and 
ghMSCs (p<0.01, Fig. 1D).

ghMSCs reduce NLRP3 inflammasome activation of NSCs induced by Aβ
To determine whether increased inflammatory responses in NSCs seeded at 4×105 cells/cm2 
and treated with Aβ was affected by co-culture with ghMSCs seeded at 2.7×104 cells/cm2, the 
expression levels of NLRP3, cleaved caspase-1, and pro-inflammatory cytokine IL-1β were 
evaluated by western blotting. As shown in Fig. 2, Aβ induced activation of NLRP3, caspase-1 
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Fig. 1. Neuroprotective effects of ghMSCs on NSCs injured by Aβ. Viability of NSCs co-treated with Aβ and ghMSCs 
by CCK-8 assay (A) and trypan blue staining (B). Toxicity and proliferation of NSCs co-cultured with Aβ and 
ghMSCs by LDH assay (C) and BrdU assay (D). Data are presented as the mean (% of NSC)±standard deviation of 
3 independent experiments. Treatment groups were compared with the NSC control group using 1-way analysis of 
variance followed by Tukey's test. 
CCK-8: cell counting kit-8, NSC: neural stem cell, Aβ: amyloid beta, ghMSC: glia-like cell from human 
mesenchymal stem cells, LDH: lactate dehydrogenase, BrdU: bromodeoxyuridine. 
*p<0.05, †p<0.01, ‡p<0.001 (vs. NSC control group); §p<0.01, llp<0.001 (vs. the group that was treated with Aβ alone).
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cleavage, and secretion of IL-1β after 2 hours of treatment with NSCs (p<0.01). However, the 
increased inflammatory responses were significantly reduced by co-culture with ghMSCs. 
Expression levels of inflammasome factors such as NLRP3, cleaved caspase-1, and IL-1β were 
significantly reduced (p<0.001).

DISCUSSION

We investigated whether ghMSCs could protect NSCs from Aβ-mediated cytotoxicity. We had 
previously reported the effects of Aβ25–35 on NSCs and the mechanism of generation of Aβ25–35 
oligomers in NSCs.2 In this study, we demonstrated that Aβ25-35 oligomers decreased both the 
viability (Fig. 1A) and proliferation (Fig. 1D) of NSCs, while increasing their cytotoxicity (Fig. 1C). 
Interestingly, co-treatment of Aβ with ghMSCs resulted in increased viability (Fig. 1A and B), 
reduced cytotoxicity (Fig. 1C), and increased proliferation of NSCs (Fig. 1D).

We had previously developed an efficient method of inducing late-passage BM-derived 
hMSCs (passage 5) into ghMSCs with enhanced paracrine activity. We also demonstrated that 
these ghMSCs significantly protected hypoxia-damaged primary cultured cortical neurons. 
In addition, ghMSC transplantation significantly protected the brain from cerebral infarction 
and dramatically improved neurobehavioral function in an animal model of ischemic stroke.11

Aβ is known to activate the NLRP3 inflammasome with lysosomal damage. The NLRP3 
inflammasome can induce the activation of caspase-1 and the release of mature IL-1β. The 
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activation of the NLRP3 inflammasome by Aβ is considered an important factor in the 
inflammatory response in AD.16 We also found that inflammasomes were activated after 
treating the NSCs with Aβ25–35 oligomers (Fig. 2). Interestingly, the expression levels of 
NLRP3, cleaved caspase-1, and pro-inflammatory cytokine IL-1β were significantly reduced 
after co-treatment of Aβ with ghMSCs on NSCs (Fig. 2). Our results suggest that ghMSCs 
protected NSCs against Aβ-induced cytotoxicity through the regulation of the NRLP3 
inflammasome. It has been reported that hMSCs inhibit NLRP3 inflammasome activation 
and reactive oxygen species production in macrophages by secreting STC-1.17

There are now over 950 registered hMSC clinical trials listed with the Food and Drug 
Administration due to strong safety profiles and paracrine activities for anti-inflammation in 
damaged tissue.18 There is also a phase 1 clinical trial of human umbilical cord blood MSCs 
and one clinical trial (NCT0372413) on AD using BM-MSCs for AD.19

A recent study demonstrated that BM-hMSCs improved cognitive function in AD model mice 
by ameliorating astrocytic inflammation and synaptogenesis.20 This effect was due to the 
exosomal transfer of miR-146a from hMSCs to astrocytes. Several studies also showed that 
hMSC transplantation reduced amyloid load and increased amyloid clearance by enhancing 
autolysosome formation in animal models of AD.21,22

We had previously demonstrated that insulin-like growth factor binding protein-4 (IGFBP-4) 
secreted from ghMSCs has significant neuroprotective effects in both in vitro and in vivo 
models of ischemic stroke.11 We also confirmed that protective signaling of IGFBP-4 is 
associated with the PI3K/Akt pathway. Our results strongly suggest that the paracrine activity 
of ghMSCs is clearly involved in the underlying mechanisms for enhanced neuronal survival. 
However, further studies are needed to investigate whether IGFBP-4 or the other factor(s) are 
involved in neuroprotection against Aβ-induced cytotoxicity in both in vitro and in vivo models 
of AD. It is also necessary to delineate how the neuroprotective effects occurred in these 
models of AD.

In conclusion, our study demonstrates that ghMSCs induced from late-passage BM-hMSCs 
can efficiently protect NSCs against Aβ-induced cytotoxicity. Thus, ghMSCs could be used as 
an effective cell source for clinical trials in AD.
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