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Neurogenic differentiation 1 (NeuroD1) is an essential transcrip-
tion factor for neuronal differentiation, maturation, and survival, 
and is associated with inflammation in lipopolysaccharide (LPS)- 
induced glial cells; however, the concrete mechanisms are still 
ambiguous. Therefore, we investigated whether NeuroD1-target-
ing miRNAs affect inflammation and neuronal apoptosis, as well 
as the underlying mechanism. First, we confirmed that miR-30a-5p 
and miR-153-3p, which target NeuroD1, reduced NeuroD1 ex-
pression in microglia and astrocytes. In LPS-induced microglia, 
miR-30a-5p and miR-153-3p suppressed pro-inflammatory cyto-
kines, reactive oxygen species, the phosphorylation of c-Jun 
N-terminal kinase, extracellular-signal-regulated kinase (ERK), 
and p38, and the expression of cyclooxygenase and inducible 
nitric oxide synthase (iNOS) via the NF-κB pathway. Moreover, 
miR-30a-5p and miR-153-3p inhibited the expression of NOD-like 
receptor pyrin domain containing 3 (NLRP3) inflammasomes, 
NLRP3, cleaved caspase-1, and IL-1β, which are involved in the 
innate immune response. In LPS-induced astrocytes, miR-30a-5p 
and miR-153-3p reduced ERK phosphorylation and iNOS ex-
pression via the STAT-3 pathway. Notably, miR-30a-5p exerted 
greater anti-inflammatory effects than miR-153-3p. Together, 
these results indicate that miR-30a-5p and miR-153-3p inhibit 
MAPK/NF-κB pathway in microglia as well as ERK/STAT-3 path-
way in astrocytes to reduce LPS-induced neuronal apoptosis. 
This study highlights the importance of NeuroD1 in microglia 
and astrocytes neuroinflammation and suggests that it can be 
regulated by miR-30a-5p and miR-153-3p. [BMB Reports 2022; 
55(9): 447-452]

INTRODUCTION

The central nervous system (CNS) comprises numerous cell types, 
including glia and neuronal cells; in particular, microglia and 
astrocytes are resting resident immune cells that play import-
ant roles in regulating the innate immune system (1). Microglia 
are primary immune cells that, when activated, initiate phago-
cytosis and produce numerous pro-inflammatory mediators, such 
as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, 
in response to pathological triggers (2). These pro-inflammatory 
mediators can enhance astrocytes activation and amplify neuro-
nal apoptosis (3). Indeed, astrocytes activated by microglia-de-
rived pro-inflammatory mediators release neurotoxins similar 
to microglia (4). Therefore, abnormal microglia and astrocytes 
activation increase the inflammatory response, leading to neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s dis-
eases (5, 6). 

Neuronal differentiation factor 1 (NeuroD1) is a basic helix 
loop helix (bHLH) transcription factor that is involved in the 
development of the central and peripheral nervous systems (7). 
It has been suggested that NeuroD1 is essential for neuronal 
survival and maturation as it is an important transcription factor 
for neuronal differentiation, development, maturation, and sur-
vival, as well as the neuronal reprogramming of other cells (8, 
9). Together, these studies suggest that NeuroD1 is a potent 
neurogenesis differentiation factor that promotes a neuronal fate. 
Interestingly, recent studies have shown that NeuroD1 is invol-
ved in spinal cord injury (SCI) and lipopolysaccharide (LPS)-in-
duced inflammation (10, 11); however, it remains unclear whether 
NeuroD1 plays an important role in neuroinflammation and 
neuronal apoptosis.

MicroRNAs (miRNAs) are endogenous small, non-coding, single- 
stranded RNAs composed of around 22 nucleotides that bind 
to the 3’-untranslated region (UTR) of target messenger RNAs 
(mRNAs) and alter post-transcriptional levels by regulating their 
degradation or translational inhibition, according to the degree 
of sequence complementarity (12). MiRNAs are involved in var-
ious cellular and pathological processes, including cell prolife-
ration, apoptosis, differentiation, neuroinflammation, and carcino-
genesis (13). About 70% of all miRNAs are expressed in the brain 
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Fig. 1. Expression of NeuroD1 by LPS is targeted by miR-30a-5p 
and miR-153-3p. BV-2 cells were treated with LPS (1 μg/ml) for 1 h. 
After stimulation, the expression of NeuroD1 was assessed by (A) 
RT-qPCR and (B, C) western blot. (D, E) BV-2 cells were transfected 
with NeuroD1 shRNA (1 μg) for 24 h followed by treatment with LPS 
(1 μg/ml) for 1 h. The protein was extracted and the expression 
of NeuroD1 was detected by western blot. (F) MiR-30a-5p and miR-153-3p 
binding site were predicted in the NeuroD1 mRNA. (G) NeuroD1 was 
knocked down by miR-30a-5p and miR-153-3p (50 nM) in microglia 
cells. Knockdown efficiency was determined by protein levels of NeuroD1. 
(H, I) BV-2 cells were transfected with miR-30a-5p and miR-153-3p 
followed by LPS (1 μg/ml) treatment for 1 h. (J, K) Primary microglia 
were treated with LPS (1 μg/ml) for 1 h, and immunofluorescence 
was conducted to detect NeuroD1 using a Iba-1 as a microglia marker 
(Scale bars: 15 μm). Data are presented as the means ± S.D. Values 
of *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.001 versus control; #P ＜
0.05, ##P ＜ 0.01, ###P ＜ 0.001 versus LPS group.

and are closely related to CNS development, neuronal differen-
tiation, adult neurogenesis, and memory formation (14). Since 
miRNAs can bind to multiple targets and simultaneously affect 
numerous different signaling pathways, they may be suitable 
for maintaining brain homeostasis and as potential therapeutic 
agents in CNS diseases (15).

Inflammasomes are intracellular multiprotein complexes that 
contain a nucleotide-binding oligomerization domain-like receptor 
(NLR) and absent in melanoma 2 (AIM2)-like receptors. NLRs 
are innate cytosolic receptors that recognize diverse pathogen- 
associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) (16). NOD-like receptor pyrin domain 
containing 3 (NLRP3) inflammasomes are the most widely cha-
racterized NLR inflammasome complexes as they are related 
to several human diseases (17). NLRP3 is a component of the 
NLRP3 inflammasome that recruits the adapter apoptosis-asso-
ciated speck-like protein containing a C-terminal caspase recruit-
ment domain (ASC) and caspase-1 before proceeding to cleave 
pro-IL-1ꞵ and pro-IL-18 into their mature forms (18). NLRP3 
inflammasome activation involves two canonical signals: priming 
and activation. The first signal (priming) is provided by inflam-
matory stimuli, such as microbial or endogenous molecules 
that induce nuclear factor (NF)-κB-mediated NLRP3 and pro-IL-1ꞵ 
expression. The second signal (activation) is triggered by PAMPs 
and DAMPs, which promote NLRP3 inflammasome activation 
and thus caspase-1 mediated IL-1ꞵ and IL-18 secretion (19).

In this study, we hypothesized that NeuroD1 was associated 
with LPS-induced microglia and astrocytes activation; there-
fore, we investigated whether NeuroD1 was related to micro-
glia and astrocytes inflammation and neuronal apoptosis, and 
used miR-30a-5p and miR-153-3p targeting NeuroD1 to ident-
ify immunoregulatory mechanisms that can regulate inflamma-
tion and neuronal apoptosis.

RESULTS AND DISCUSSION

LPS induces NeuroD1 expression, which is reduced by 
miR-30a-5p and miR-153-3p targeting NeuroD1 in microglia
Microglia are immune cells that are activated in response to 
inflammation, infection, or brain injury (20). Significant responses 
by LPS stimulation reflect that microglia appear to be the most 
important factor in neuroinflammation. Therefore, the inhibition 
of their activation could be a potential treatment for neuronal 
disease (21, 22). NeuroD1 allow the brain to maintain cellular 
homeostasis, and may underlie the response to damage (23). 
Considering the neuronal functions of NeuroD1, we investi-
gated whether LPS treatment would affect NeuroD1 expression 
in microglia. When BV-2 cells were challenged with LPS, sig-
nificant increases were observed in the expression of NeuroD1 
(Fig. 1A-C). To further validate LPS-induced NeuroD1 expres-
sion, NeuroD1 was knocked down by NeuroD1 shRNA. As ex-
pected, LPS-induced expression of NeuroD1 was subsequent-
ly decreased by NeuroD1 shRNA (Fig. 1D, E). In order to 
regulate gene expression by ectopic miRNA, we constructed 

miR-30a-5p and miR-153-3p targeting NeuroD1 (Fig. 1F, G), 
which were transfected into BV-2 cells. Consistent with the 
NeuroD1 shRNA results, NeuroD1 expression was downregu-
lated by miR-30a-5p and miR-153-3p compared to the LPS- 
treated control group (Fig. 1H, I). It also revealed that miR-30a-5p 
and miR-153-3p reduced NeuroD1 expression in primary micro-
glia (Fig. 1J, K). Taken together, LPS treatment increase NeuroD1 
expression in microglia and miR-30a-5p and miR-153-3p direct-
ly silence NeuroD1 expression in microglia.

MiR-30a-5p and miR-153-3p regulate neuroinflammation via 
the MAPK, NLRP3 inflammasome and NF-κB pathways in 
LPS-induced BV-2 cells 
Innate immune cells express TLR4 that detect PAMPs and DAMPS 
via which LPS mediates immune activation and the subsequent 
activation of transcription factors, which trigger the release of 
pro-inflammatory cytokines, chemokines, inflammatory mediators 
and ROS in microglia (24, 25). We confirmed the effects of 
miR-30a-5p and miR-153-3p on pro-inflammatory factors in 
LPS-induced microglia. Interestingly, LPS-induced TNF-α and IL-6 
secretion and ROS production were reduced by miR-30a-5p 
and miR-153-3p (Fig. 2A-D). To investigate whether miR-30a-5p 
and miR-153-3p inhibits the production of inflammatory cyto-
kines through MAPK pathway, we examined the effects of on 
LPS-induced phosphorylation of MAPK in BV-2 cells. LPS in-
creased JNK, ERK, and p38 phosphorylation, whereas miR-30a-5p 



The role of NeuroD1 in glial inflammation
Hye-Rim Choi, et al.

449http://bmbreports.org BMB Reports

Fig. 2. MiR-30a-5p and miR-153-3p regulate inflammatory factors through 
MAPK pathway. BV-2 cells were transfected with miR-30a-5p and 
miR-153-3p (50 nM) for 24 h followed by treatment with LPS 
(1 μg/ml) for 1 h. (A, B) Cell-free supernatant were collected and TNF-α
and IL-6 were evaluated using ELISA. (C, D) LPS-induced ROS was 
measured through flow cytometry with H2DCF-DA (5 μM) for 1 h. 
(E-G) The protein was extracted, and the expression of protein level 
was detected by western blot to measure inflammatory factors p-JNK, 
p-ERK and p-p38. (H, I) Translocation of NF-κB was detected by 
western blot. BV-2 cells were lysed to cytosol and nucleic extracts. 
β-actin and Lamin-B1 were used as an internal control. (J) BV-2 cells 
were lysed to whole lysates and NLRP3 inflammasome factors, NLRP3, 
cleaved caspase-1 and ASC. (K) The IL-1β mRNA expression was 
analyzed by RT-qPCR. (L) Western blot analysis was performed to 
measure the expression of COX-2 in BV-2 cells. (M, N) Primary micro-
glia cells were transfected with miR-30a-5p and miR-153-3p for 24 
h followed by treated with LPS (1 μg/ml) for 1 h. The expression of 
iNOS was detected by immunofluorescence analysis (Scale bars: 
15 μm). Data are presented as the means ± S.D. Values of **P ＜
0.01, ***P ＜ 0.001 versus control; #P ＜ 0.05, ##P ＜ 0.01, ###P ＜
0.001 versus LPS group.

Fig. 3. Inflammatory mediators are decreased by miR-30a-5p and 
miR-153-3p in astrocytes. Primary astrocytes were transfected with 
miR-30a-5p and miR-153-3p (50 nM) for 24 h followed by treatm-
ent with LPS (1 μg/ml) for 24 h. Immunofluorescence was conducted 
with (A, E) NeuroD1, (B, F) p-ERK, (C, G) iNOS and (D, H) p-STAT-3 
with GFAP as an astrocytes marker (Scale bars: 15 μm). Data are 
presented as the means ± S.D. Values of **P ＜ 0.01, ***P ＜ 0.001 
versus control; ##P ＜ 0.01, ###P ＜ 0.001 versus LPS group.

and miR-153-3p markedly inhibited LPS-induced phosphoryla-
tion (Fig. 2E-G).

The NLRP3 inflammasome complex promotes caspase-1 pro-
duction to generate IL-18 as well as IL-1β, a major pro-inflam-
matory cytokine that affects almost every cell type and mediates 
inflammation in various tissues (16, 26). A recent study noted that 
LPS activates NLRP3 by priming signals induced by TLRs/NF-κB, 
resulting in increased NLRP3, pro-IL-1β, cyclooxygenase-2 (COX-2) 
and iNOS expression levels in various immune cell types (27, 
28); therefore, we examined the effect of miR-30a-5p and 
miR-153-3p on correlation with NF-κB activation and NLRP3 
inflammasome. LPS provoked the translocation of NF-κB into 
the nucleus, whereas miR-30a-5p and miR-153-3p blocked this 
process (Fig. 2H, I). Likewise, miR-30a-5p and miR-153-3p 
suppressed NLRP3 and cleaved caspase-1 expression, thereby 
inhibiting IL-1β expression, but did not affect that of ASC (Fig. 
2J, K). Furthermore, we found that miR-30a-5p and miR-153-3p 
decreased COX-2 expression in BV-2 cells and iNOS expres-
sion in primary microglia (Fig. 2L-N). These results indicate that 
miR-30a-5p and miR-153-3p protects against LPS-induced neuro-
inflammation through MAPK/NLRP3 inflammasome/NF-κB path-
ways in microglia.

MiR-30a-5p and miR-153-3p suppress LPS-induced ERK 
phosphorylation and iNOS expression in primary astrocytes
To identify NeuroD1 expressed in astrocytes, we performed im-
munofluorescent double-staining for NeuroD1 and GFAP, find-
ing that NeuroD1 expression increased in LPS-induced primary 
astrocytes were inhibited by miR-30a-5p and miR-153-3p (Fig. 
3A, E). The TLR4-dependent pathway and the transcription factors 
NF-κB and STAT-3 are associated with iNOS expression, while 
MAPK pathways have been shown to affect iNOS expression 
in response to TLR4 activation in astrocytes (29). Therefore, we 
confirmed the effect of miR-30a-5p and miR-153-3p on ERK 
and STAT-3 phosphorylation and iNOS expression in astro-
cytes. MiR-30a-5p and miR-153-3p markedly reduced ERK phos-
phorylation and iNOS expression (Fig. 3B, C, F, G) and 
decreased LPS-induced p-STAT-3 nuclear translocation in astro-
cytes (Fig. 3D, H). Overall, these results demonstrate that 
miR-30a-5p and miR-153-3p regulate the ERK/STAT-3 pathway 
in response to TLR4 activation.

MiR-30a-5p and miR-153-3p expression in microglia relieve 
neuronal apoptosis 
Neurons damaged by disease, injury, or inflammatory insult can 
release various factors that activate microglia and astrocytes, 
which subsequently release neurotoxins and damage neurons 
(30). Therefore, to determine whether NeuroD1 expression in 
microglia induced apoptosis in neuronal cells, SH-SY5Y cells 
were co-cultured with miR-30a-5p- and miR-153-3p-transfected 
BV-2 cells. Flow cytometry analysis revealed that SH-SY5Y 
apoptosis was significantly suppressed when co-cultured with 
miR-30-5p- and miR-153-3p-transfected BV-2 cells (Fig. 4A, B). 
Western blot analysis revealed that miR-30a-5p and miR-153-3p 
increased BCL-2 and decreased p-Bad levels in SH-SY5Y 



The role of NeuroD1 in glial inflammation
Hye-Rim Choi, et al.

450 BMB Reports http://bmbreports.org

Fig. 4. MiR-30a-5p and miR-153-3p in microglia cells alleviate neuro-
nal apoptosis. BV-2 cells were transfected with miR-30a-5p and 
miR-153-3p (50 nM) for 24 h. Then BV-2 cells and SH-SY5Y cells 
were co-cultured followed by treated with LPS (1 μg/ml) for 1 h 
in BV-2 cells. (A, B) The Annexin-V/PI images were detected by 
flow cytometry. (C) Western blot analysis was performed to measure 
the expression of BCL-2 and p-Bad in SH-SY5Y co-cultured with 
BV-2 cells. (D, E) Primary mixed cells were transfected with miR-30a-5p 
and miR-153-3p for 24 h followed by LPS (1 μg/ml) for 1 h. Cells were 
harvested, and the expression protein levels of cleaved caspase-3 
was analyzed by western blot. Data are presented as the means ±
S.D. Values of *P ＜ 0.05 versus control; #P ＜ 0.05, ###P ＜ 0.001 
versus LPS group.

co-cultured with BV-2 (Fig. 4C). Moreover, miR-30a-5p and 
miR-153-3p decreased cleaved-caspase-3 levels compared to 
LPS-induced primary mixed cells (Fig. 4D, E). Therefore, these 
results suggest that NeuroD1 inhibition by miR-30a-5p and 
miR-153-3p in microglia affects neuronal apoptosis induced by 
LPS.

In conclusion, this study confirms that miR-30a-5p and 
miR-153-3p targeting NeuroD1 protect microglia, astrocytes, 
and neurons against LPS-induced neuroinflammation. There is 
a limitation in co-culture experiment to describe in-vivo neural 
networks between neurons and microglia. However, for the 
first time, we show that NeuroD1-targeting miR-30a-5p and 
miR-153-3p reduce neuronal apoptosis by reducing the inflam-
matory response. These finding may provide that miR-30a-5p 
and miR-153-3p are novel regulators that suppresses NeuroD1 
expression in LPS-induced microglia and astrocytes inflammation.

MATERIALS AND METHODS

Materials 
Dulbecco’s modified Eagle’s medium (DMEM) and phosphate- 
buffered saline (PBS) were provided by Corning (New York, 
NY, USA). Heat-inactivated fetal bovine serum (FBS), penicillin 
(100 U/ml) and streptomycin (100 μg/ml) were purchased from 
Gibco (Life Technologies, Gaithersburg, MD, USA). LPS was 
obtained from Sigma-Aldrich (St. Louis, MO, USA). TNF-α and 
IL-6 were measured using TNF-α and IL-6 DuoSet ELISA kits 
(R&D systems, Minneapolis, MN, USA) according to the manu-
facturer’s instructions. Reactive oxygen species (ROS) produc-
tion was measured using H2DCF-DA from Molecular Probes 

(Eugene, OR, USA). Antibodies against ERK1/2, p-ERK1/2, p38, 
p-p38, NF-κB, NLRP3, COX-2, iNOS, rabbit IgG HRP, and mouse 
IgG HRP were purchased from Cell Signaling Technology 
(Danvers, MA, USA); NeuroD1, Iba-1, GFAP, cleaved caspase-3, 
mouse IgG H&L (Alexa Fluor 488), mouse IgG H&L (Alexa Fluor 
568), mouse IgG H&L (Alexa Fluor 488), rabbit IgG H&L (Alexa 
Fluor 488) were purchased from Abcam (Cambridge, UK); and 
JNK, p-JNK, caspase-1 (p20), ASC, p-STAT-3, β-actin, and Lamin-B1 
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

Cell culture
BV-2 mouse microglia cells, SH-SY5Y human neuroblastoma 
cells, and 293T human kidney cells were grown in DMEM 
supplemented with 10% FBS, penicillin (100 U/ml), and 
streptomycin (100 μg/ml) at 37oC in a humidified atmosphere 
containing 5% CO2. SH-SY5Y cells were co-cultured with 
BV-2 cells using a 0.4 μm pore polyester Transwell membrane 
(Corning). BV-2 cells were cultured in the upper well of the 
24-transwell insert and SH-SY5Y cells were cultured in the 
lower 24-well plate.

Mouse primary cell culture
Primary mixed cultures were obtained from the hippocampus 
of three-day-old newborn ICR mouse pups (Koatech, Pyeongtaek, 
Korea). Briefly, whole brain was dissected out after removing 
the skull. After stripping the meninges, the hippocampus and 
cortex were dissected. Dissociated mixed cells were immedia-
tely transferred into poly-D-lysine-coated T75 flasks and incu-
bated in DMEM containing 10% FBS, penicillin (100 U/ml), 
and streptomycin (100 μg/ml) in a CO2 incubator. The media 
was changed every 5 days until day 15. The authors confirmed 
that all methods were carried out in accordance with relevant 
guidelines and regulations. All experiments were conducted 
under the approval of the Institutional Animal Care and Use 
Committee in Konyang University.

Plasmids and transfection
Lentiviral GFP vectors containing NeuroD1 shRNA or scram-
bled shRNA were purchased from Origene (Rockville, MD, USA). 
MiR-30a-5p and miR-153-3p mimics were synthesized by 
Genolution (Seoul, Korea). 293T cells were co-transfected with 
NeuroD1 shRNA, scrambled shRNA, and miRNAs and packing 
plasmids using Lentiviral packaging kit (Origene) according to 
the manufacturer’s instructions. After 48 h and 72 h of trans-
fection, culture supernatants containing lentiviral particles were 
harvested. Then, BV-2 cells and primary cells were infected 
with the harvested lentiviral particles.

Enzyme-linked immunosorbent assay (ELISA)
The levels of the cytokines TNF-α and IL-6 were measured 
using ELISA kits, according to the manufacturer’s instructions. 
Briefly, cultured cell supernatants were collected and TNF-α 
and IL-6 levels were evaluated by measuring the absorbance at 
450 nm using a microplate reader (Molecular Devices, San Jose, 
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CA, USA). The concentration of each cytokine was calculated 
using the standard value obtained from a linear regression 
equation. 

Flow cytometry ROS detection
ROS were measured in SH-SY5Y cells co-cultured with BV-2 
cells. Briefly, the cells were treated with H2DCF-DA for 1 h, 
harvested with PBS, and ROS levels were analyzed using flow 
cytometry (NOVOCYTE flow cytometer, ACEA Biosciences, 
San Diego, CA, USA). Data were analyzed using Novoexpress 
software (ACEA Biosciences). 

Western blot analysis
The protein samples used for western blot analysis were lysed 
using RIPA buffer supplemented with phosphatase and protease 
inhibitors (Thermo Scientific). Protein extracts were separated 
using 10-12% sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis, transferred onto a nitrocellulose membrane 
(Bio-Rad, Hercules, CA, USA) which were incubated with 5% 
BSA and primary antibodies at 4oC overnight. Next, the mem-
branes were incubated for 1 h with anti-rabbit or anti-mouse 
IgG HRP-conjugated secondary antibodies. Protein bands on 
the membrane were developed using chemiluminescent ECL 
reagent (Enzynomics, Daejeon, South Korea) with an ECL 
detection system (Vilber Lourmat, Paris, France). 

Immunofluorescence analysis
After cells had been cultured on coverslips overnight, they were 
fixed with 4% paraformaldehyde at room temperature for 10 
min and permeabilized with 0.25% Triton X-100 at 22oC for 
10 min, and blocked by incubating the cells with 1% BSA and 
22.52 mg/ml glycine in 0.1% PBST solution for 1 h at room tem-
perature. Next, cells were incubated overnight with primary anti-
bodies at 4oC and then with corresponding secondary anti-
bodies at 22oC for 1 h. Nuclei were counterstained with DAPI, 
mounted on a coverslip, and then observed using a Zeiss 
fluorescence microscope (Zeiss, Oberkochen, BW, Germany).

Real-time quantitative PCR (RT-qPCR) analysis
RNA was extracted from lysed BV-2 cells using Trizol reagent 
(Life Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions and then quantified using a NanoDropTM 
One (Thermo Fisher). cDNA was synthesized using DiaStarTM 
2X RT Pre-Mix (Biofact, Daejeon, Korea) and RT-qPCR was 
conducted using a CFX96TM real-time system (Bio-Rad) with 
SsoAdvancedTM Universal SYBR Green Supermix (Biofact) and 
the following primers: NeuroD1 (forward: 5’-CAA AGC CAC 
GGA TCA ATC TT-3’, reverse: 5’-CCC GGG AAT AGT GAA 
ACT GA-3’), IL-1β (forward: 5’-ATG CCA CCT TTT GAC AGT 
GAT G-3’, reverse: 5’ TGT GCT GCT GCG AGA TTT GA-3’), 
and GAPDH (forward: 5’-TCA CCA CCA TGG AGA AGG C-3’, 
reverse: 5’-GCT AAG CAG TTG GTG GTG CA-3’). Target gene 
expression was analyzed using the Ct method.

Flow cytometry apoptosis measurement
To confirm the effect of NeuroD1 on apoptosis in microglial 
cells, we detected apoptosis using an Alexa Fluor® 488 Annexin 
V/Dead Cell Apoptosis kit (Invitrogen, Carlsbad, CA, USA). 
SH-SY5Y cells were co-cultured in a Transwell plate with BV-2 
cells that had been exposed to LPS (1 μg/ml) for 1 h. After LPS 
stimulation, SH-SY5Y cells were washed and harvested with 
PBS before being resuspended in 100 μL Annexin-binding buffer 
containing FITC Annexin V (5 μl) and 100 μg/ml propidium 
iodide (PI) solution (1 μl) for 15 min in the dark at 22oC. After 
incubation, 400 μl Annexin-binding buffer was added to each 
sample before flow cytometry (NOVOCYTE flow cytometer, 
ACEA Biosciences). Data were analyzed using Novoexpress 
software (ACEA Biosciences). 

Statistical analysis
All data are presented as the mean ± standard error and re-
present the average of three independent experiments. The SPSS 
statistical software package (Version 18.0, NY, USA) was used 
for one-way analysis of variance (ANOVA). P-values of ＜ 0.05 
were considered statistically significant.
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