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Background: Neuronal damage is the main cause of neurological diseases. Neural stem 
cells (NSCs) have the functions of cell repair and replacement of neurons, secretion of 
neurotrophic factors, and immune regulation of the neural microenvironment.
Objective: Previous study found that Orexin-A had a protective effect on neurons in the 
central nervous system, but it is lacking in making great efforts on the function of Orexin-A 
on NSCs. This study aimed to investigate the anti-inflammatory responses and signaling 
mechanisms of Orexin-A on lipopolysaccharide (LPS)-induced NSCs.
Methods: Quantitative real-time polymerase chain reaction was used to detect the mRNA 
level. Signaling pathway-related protein expression was detected by Western blot. The 
proliferation and migration of NSCs were investigated by Cell Counting Kit-8 (CCK-8) 
detection kit and transwell assay. Besides, the staining of hematoxylin and eosin (HE) was 
performed to study the morphology of cell.
Results: Orexin-A decreased the pro-inflammatory cytokines of IL-1β, TNF-α, and IL-6 
induced by LPS by regulating nuclear factor-k-gene binding (NF-kB) and phosphorylation of 
P38/Erk-mitogen-activated protein kinases (MAPKs) pathways, but not p-JNK signaling.
Conclusion: Our findings indicate that Orexin-A can alleviate the inflammatory response of 
NSC. It can provide beneficial help in neural stem cell therapy applications.
Keywords: NSCs, Orexin-A, NF-kB, MAPK

Introduction
Neurological diseases (NDs) are a major public health problem, with high preva
lence, and leading to disability and mortality.1–3 The World Health Organization 
estimates that ND and its sequelae affect as many as one billion people worldwide. 
Cerebrovascular diseases,4 neurodegenerative diseases,5 and mental illnesses such 
as stroke6 and dementia are the main causes of death and disability.7 The essence of 
neurological diseases is neuronal damage.8,9 Primary injury is directly caused by an 
external force, The mechanism of secondary injury is very complicated, including 
excitotoxicity, oxidative stress, intracellular calcium overload, inflammatory 
response, and cell apoptosis.10 However, adult mammals, including humans, have 
very limited brain regeneration capabilities.11 There is a lack of clinically effective 
treatments for diseases in which neuron loss leads to the destruction of neural 
connections and impaired nerve function. Meanwhile, the self-renewal and multi- 
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potential abilities of neural stem cells are important for the 
recovery of the injured central nervous system (CNS) in 
the brain.12,13 Transplanting neural stem cells into the 
brain to replace the function of the lost nerve cells in the 
brain is one of the potential treatment measures. It is also 
important to understand the interaction between NSC and 
immunity to prevent disease progression.

As we all know, Lipopolysaccharide (LPS) is the main 
component of the outer membrane of gram-negative 
bacteria.14 It is composed of lipid A, core polysaccharide, 
and O-specific chain. LPS induces Neural stem cells 
(NSCs) to construct in vitro inflammation model.15 The 
Toll-like receptor 4 (TLR4) receptor can recognize LPS, 
transmit signals into the cell and activate the intracellular 
signal transduction pathway.16,17 After activating Myeloid 
differentiation factor 88 (MyD88) and IL-1 receptor- 
associated kinase (IRAK), the MyD88 and MyD88 trans
fer protein analogs aggregate into the receptor complex to 
activate IRAK phosphorylation.18,19 Then IRAK dissoci
ates from the complex, transmits the signal to TRAF6, and 
activates it.20 Activated TNF receptor-associated factor 6 
(TRAF6) conducts signal transduction by activating NF- 
kB-inducing kinase (NIK) and Transforming growth factor 
beta-activated kinase 1 (TAK1) and activates the corre
sponding NF-kB and mitogen-activated protein kinase 
(MAPK) pathways.21 Eventually, it causes the release of 
IL-1, IL-6, TNF-α, and NO to form an inflammatory 
response. However, the role of NF-kB and MAPK in the 
proliferation and differentiation of NSCs is still debatable.

Orexin-A is involved in a variety of central and peripheral 
regulatory processes, which is a 33 amino acid excitatory 
neuropeptide.22 It plays an important role in regulating feeding 
behavior, anti-injury, and anti-hyperalgesia.23,24 Our previous 
studies have found that electrical nerve stimulation can 
increase the secretion of OrexinA in the lateral hypothalamus 
and attenuate brain damage by inhibiting oxidative stress, 
inflammation, and apoptosis. Orexin-A can protect neurons 
from damage and promote the awakening of rats with trau
matic brain injury.10,25 However, the effect of orexin-A on 
NSC lacks sufficient effort. Therefore, we examined the poten
tial of orexin-A to decrease the LPS-stimulated inflammatory 
responses and signaling pathway of NSCs in this study.

Method
Materials
Escherichia coli LPS (O55:B5) was purchased from 
Solarbio (L8880, China, Beijing). Orexin-A and 

SB334867 were purchased in MedchemExpress company. 
Both western-blot and immunofluorescence primary anti
bodies were purchased from Cell Signaling Technology 
Company, and the secondary antibodies were all from 
Zhongshan Jinqiao Company.

Cell Culture
NE-4C cells were kindly provided by Stem Cell Bank, 
Chinese Academy of Science. (SCSP-1501).26 NE-4C 
cells were grown in minimal essential medium 
(11090081, Gibco) supplemented with 10% fetal bovine 
serum (12484028, Gibco), 1% Glutamax (35050061, 
Gibco), 1% Non-essential Amino Acids, 100× 
(11140050, Gibco), 1% Sodium Pyruvate 100 mM 
Solution (11360070, Gibco). Cells were cultured accord
ing to ATCC culture method guidelines and maintained in 
an incubator at 37 °C, 5% CO2, and 95% humidity. Cells 
were plated on 15ug/mL poly-L-lysine (Cat#P-9155, 
Sigma)-coated culture plates. The cell passage uses 
0.05% trypsin digestion for 5–10 minutes, the growth 
medium was changed 3 times per week.

Cell Proliferation Assay
The cell proliferation was assayed using a tetrazolium salt 
colorimetric assay using PreMix WST-1 according to the 
manufacturer’s instructions (Beyotime, China, Shanghai). 
The cells were seeded at a density of 5×103 cells per well 
in 96-well plates in a volume of 100ul, and they were 
incubated for the indicated periods. PreMix WST-1 was 
added as indicated and incubated for an additional 2h, and 
then the absorbance was measured at 450 ± 20 nm, with 5 
replicates per group.

Nitric Oxide (NO) Assay
Nitric oxide (NO) production was estimated from nitrite 
contents that were detected using NO assay kits with the 
Griess reaction (Beyotime, China, Shanghai) according to 
the manufacturer’s instructions. NE-4C cells were plated 
into 24-well plates and subjected to various treatments. 
The culture supernatants were obtained 12h, 24h, 36h, 
48h, and 72h after treating. A 50ul sample of the culture 
supernatant was aliquoted into each well of a 96 well 
plate, 50ul Griess reagent I (part I: 1% sulphanilamide) 
was subsequently added and incubated at room tempera
ture for 3–5 minutes. 50uL of Griess reagent II (part II: 
0.1% naphthyl ethylene diamide dihydrochloride and 2% 
phosphoric acid) was added and the pellets were mixed for 
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15 min and then the absorbance was measured at 540 ± 20 
nm, with 3 replicates per group.

Scratch Tests Assay
The scratch test is used to test the migration behavior of 
NE-4C cells cultured under different conditions. In detail, 
We rowed three straight lines on the back of the 6-well 
plate with 0.5–1 cm intervals. Cells at a density of 5×105/ 
well were seeded into 6-well plates for 24 h. Subsequently, 
The scratch was made with a 200ul pipetting spear per
pendicular to the three baselines. Then, wash the cells 
twice with PBS. At last, add 2.5mL of serum-free drug 
medium to continue the culture. We observe cell growth at 
0, 12, and 24 hours respectively.

Transwell Migration Assay
Besides the scratch test, the migration ability of NE-4C cells 
was also tested by transwell chambers (24-well culture plate, 
8-um pore size). NE-4C cells were suspended in a serum- 
free medium and adjusted to a density of 2× 105cells/mL. 
200ul cell suspension was added to the upper chamber of the 
migration well. On the contrary, a 20% serum medium was 
loaded into the lower chamber. Following 24 h of incuba
tion, cells in the upper chamber were removed using a cotton 
swab, and the cells that had migrated through to the under
side of the insert membranes were fixed with 4% parafor
maldehyde for 20 min and stained with crystal violet 
(Solarbio, Shanghai, China) for 20 min.

Hematoxylin–Eosin (HE) Staining
HE staining was used to observe morphology after fixation 
of cultured NE-4Ccells. The covered slides with cells were 
washed thrice with phosphate-buffered saline (PBS), fixed in 
4% paraformaldehyde for 20 min. The slides were stained 
with hematoxylin dye for 3 minutes, then rinsed with 

running water, stained with differentiation solution for 30 
s, then rinsed with running water, finally stained with eosin 
dye for 1 minute, and then rinsed with running water.

RNA Extraction and Real-Time 
Quantitative RT-PCR (qRT-PCR) Analysis
At 24 h after treatment, the total RNA was extracted from 
the NE-4C cells by using the TRizol reagent (Invitrogen). 
cDNA was synthesized using the Takara PrimeScript RT 
Reagent Kit (Takara). For qRT-PCR, 800ng total RNA was 
used in the Takara PrimeScript RT reagent Kit (Takara) 
following the manufacturer’s instructions, and PCR was 
performed in the CFX96 Real-Time PCR Detection 
System. The primer sequence is shown in Table 1.

Total Protein Extraction and Western 
Blotting
To determine NF-kB and mitogen-activated protein kinases 
(MAPK) signaling ofNE-4C cells, total proteins were 
extracted from NE-4C treated with orexinA, SB334867 and 
LPS using RIPA commercial kits (Beyotime, China, 
Shanghai). Protein was quantified using a Pierce BCA 
Protein Assay Kit (Thermo Fisher Scientific), followed by 
Western blot analysis. Once transferred to a nitrocellulose 
(NC) filter membrane, antibodies targeting β-actin 
(Proteintech, 66009–1, 1:10000), OXR1 (Proteintech, 
13514–1, 1:10000), IKBα (CST, 4812, 1:1000), P-IKBα 
(CST, 2859, 1:1000), P65 (CST, 8242, 1:1000), P-P65 (CST, 
3033, 1:1000), Erk (CST, 4695, 1:1000), P-Erk (CST, 4370, 
1:1000), P38 (CST, 8690, 1:1000), P-P38 (CST, 4511, 
1:1000), JNK (CST, 9252, 1:1000) and P-JNK (CST, 4668, 
1:1000) were used with a secondary antibody horseradish 
peroxidase-labeled goat anti-rabbit or goat anti-mouse 
(1:10000; 1.5 h of incubation at room temperature). β-actin 

Table 1 PCR Primers Used in This Study

Gene Target Primer Sequence Tm(°C)

IL-1β F 5ʹ-ACTCATTGTGGCTGTGGAGA-3’ 54.5
R 5ʹ-AGCCTGTAGTGCAGTTGTCT-3’ 54.53

IL6 F 5ʹ-ACTTCACAAGTCCGGAGAGG-3’ 54.65
R 5ʹ-TGCAAGTGCATCATCGTTGT-3’ 54.44

TNFα F 5ʹ-CTCATGCACCACCATCAAGG-3’ 54.56
R 5ʹ-ACCTGACCACTCTCCCTTTG-3’ 54.49

GAPDH F 5ʹ-CCAGTATGACTCCACTCAGG-3’ 57.45
R 5ʹ-CCTTCCACAATGCCAAAGTT-3’ 53.35
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served as an internal control. Protein bands were visualized by 
enhanced chemiluminescence.

Statistical Analysis
The SPSS 24 software (IBM, Armonk, NY, USA) was 
used for statistical analysis. The data are presented as 
mean± standard deviation (SD). Multiple comparisons 
among all groups were performed by one-way analysis 
of variance (ANOVA) followed by a post-hoc test. 
Comparisons between the two groups were performed 
by the Student’s t-test. For repeatedly measured out
comes, repeated-measures analysis of variance was 
used. P<0.05 was considered to be statistically 
significant.

Results
Orexin-A Enhanced the Ability of 
Proliferation and Migration of NE-4C 
in vitro
To determine the optimal concentration of Orexin-A that 
induces the proliferation of NE-4C cells, 10−4, 10−3, 10−2, 
0.1, and 1uM Orexin-A was used to treat NE-4C cells for 24 
hours, and then the absorbance was measured at 450 ± 20 
nm with CCK8 kit. As shown in Figures 1A, 0.1uM is the 
optimal concentration of orexin-A to induce NE-4C prolif
eration (P=0.001). Subsequently, we used SB-334867, 
which is an excellent selective blood-brain barrier perme
ability orexin-A (OXR1) receptor antagonist (Figure 1B). 
The results showed that the difference in the Orexin-A 
+SB334867 group was not statistically significant com
pared with the control group.

Horizontal migration ability was assessed using 
a cell scratch assay. The figure (Figure 1C and D) 
showed that the Orexin-A treatment group can promote 
the healing of NE-4C cells at 12h and 24h after 
scratching compared to the control group. Although 
the orexin-A+SB334867 group has a statistically sig
nificant difference compared with the control group at 
24 hours. However, the orexin-A+SB334867 group had 
poor cell healing ability after scratches. Subsequently, 
The transwell migration assay is used to evaluate ver
tical migration ability. The results (Figure 1E and F) 
illustrated that orexin-A increased NE-4C migration 
numbers than the control group. The results revealed 
that orexin-A raised NE-4C migration.

Orexin-A Relieves LPS-Induced 
Inflammatory Injury
CCK8 is used to evaluate the effect of LPS on NE-4C cell 
viability. As shown in Figure 2A, LPS treatment alone, 
with increasing time, the cell viability gradually decreased. 
The cell viability of the Orexin-A+LPS group was higher 
than that of the LPS alone group. Therefore, we inferred 
that orexin-A can reduce the inflammatory damage caused 
by LPS. Again, we also evaluated the release of NO with 
the Griess kit. To our surprise, the NO release in the 
Orexin-A group was higher than that in the LPS alone 
group (Figure 2B). Therefore, we speculate that Orexin-A 
can promote the release of NO from NE-4C cells and act 
on the central and peripheral nervous systems. HE staining 
showed that the cells were spindle-shaped or irregular, 
with little cytoplasm (Figure 2C). As the duration of LPS 
increases, the changes in cell morphology become more 
obvious (Figure 2C).

qRT-PCR is used to detect the expression of inflamma
tory factors. It was found that Orexin-A can reduce the 
expression of related inflammatory factors. Moreover, when 
the concentration of Orexin-A was 10–1uM, the expression of 
inflammatory factors IL-6 and TNF-α was the lowest, while 
the expression of IL-1β was the lowest when the concentra
tion of Orexin-A was 10–2uM (Figure 2D).

Orexin-A Inhibits LPS-Induced NF-KB 
Signal Activation
We investigated changes in the protein levels of LPS- 
induced signaling pathways by Western blot (Figure 3A) 
and quantified the data (Figure 3B–D). As seen in Figure 3, 
the p-IkBα was downregulated as IkBα proteins were upre
gulated by LPS significantly compared with control in 
NSCs (p<0.05), as p-p65 were increased compared with 
total P65 by LPS in NSCs. In contrast, Orexin-A recovered 
IkBα and attenuated p-IkBα and p-p65 expression to LPS- 
induced NSCs (p<0.05). After adding SB334867, the result 
is the opposite. Therefore, we conclude that Orexin-A may 
inhibit LPS-induced NF-KB signal activation.

Orexin-A Decreases LPS-Induced 
Phosphorylation of MAPK/P38/Erk (1/2) 
Pathway
On the other hand, we also verified the related proteins of the 
MAPK signaling pathway. As shown in Figure 4B–H, all non- 
phosphorylation pathways of MAPKs cannot be significantly 
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regulated by LPS or Orexin-A. Remarkably, the evocation of 
c-Jun N-terminal kinase (JNK) signaling was not significantly 
influenced by Orexin-A; nevertheless, the evocation of p38- 

MAPK and ERK signaling changed. In brief, Orexin-A 
decreases LPS-induced phosphorylation of MAPK/P38/ 
Erk (1/2) signaling pathways.

BA

DC

E F

Figure 1 Orexin-A enhanced the ability of proliferation and migration of NE-4C in vitro. (A) Effects of Orexin-A at Different Concentrations on Proliferation of Neural 
Stem Cells (F=3.889, P=0.008). (B) The effect of SB334867 on the proliferation of neural stem cells (F=17.942, P<0.001). (C and D) Cell scratch test (12h: F=19.907, 
P=0.002; 24h: F=95.64, P<0.001). (E and F) Cell migration experiment (F=21.678, P<0.001). Figure legend indicates the p-value for ANOVA, and the p-value for post-hoc 
test is noted on the graph. The value were presented as the mean±SDM of three or more independent experiments. *p < 0.05 and **p < 0.001 means the difference is 
statistically significant.
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Figure 2 Orexin-A relieves LPS-induced inflammatory injury. (A) Cell viability after LPS treatment (F=30.536, P<0.001). (B) NO production determined using a Griess 
reagent assay kit on cells treated with LPS and Orexin-A for the indicated times (F=65.566, P<0.001). (C) HE staining to observe the morphology of NSCs induced by 
orexin-A treatment of LPS. (D) The pro-inflammatory cytokines including IL-1β (F=31.73, P<0.001), IL-6 (F=8.452, P=0.001) and TNF-α (F=7.729, P=0.001) were 
determined by PCR in NSCs. Figure legend indicates the p-value for ANOVA, and the p-value for post-hoc test is noted on the graph. The value were presented as the 
mean±SDM of three or more independent experiments. *p < 0.05 and **p < 0.001 means the difference is statistically significant.
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Discussion
NSC is a cell with division potential and self-renewal 
ability. It can not only repair and replace neurons, but 
also secrete neurotrophic factors and immunomodulate 
the neural microenvironment.27 Stem cell transplantation 
is becoming more and more popular, but what cannot be 
ignored is the interaction between the transplanted NSC 
and the damaged host immune cells.28 How to put it into 

clinical application is the most concerned issue of the 
entire neuroscience community. Our study found that 
orexin-A can mediate NF-KB and MAPK signal pathways 
to inhibit the inflammatory response of neural stem cells. 
Orexin-A combined with neural stem cell transplantation 
can reduce the damage of the host immune response. It 
provides a new idea for the immune response of neural 
stem cell transplantation.

A B

DC

Figure 3 Orexin-A inhibits LPS-induced NF-kB signal activation. NSCs without Orexin-A or LPS treatment were considered as control. (A) Western blotting result; (B–D) 
gray analysis of Western blotting. The NF-kB signaling proteins of NSCs including, IKBα (F=29.166, P<0.001), p-IKBα (F=39.948, P<0.001), p-p65/p65 (F=16.997, P<0.001) 
were determined by Western blotting. Figure legend indicates the p-value for ANOVA, and the p-value for post-hoc test is noted on the graph. The value were presented as 
the mean±SDM of three or more independent experiments. *p < 0.05 and **p < 0.001 means the difference is statistically significant.
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Figure 4 Orexin-A decreases LPS-induced phosphorylation of MAPK/P38/Erk (1/2) pathway. (A) Expression of OXR1 in Orexin-A treatment group and control group. (B– 
H) The MAPK signaling proteins of NSCs including, P-P38/P38 (F=11.256, P<0.001), P-Erk/Erk (F=35.946, P<0.001), P-JNK/JNk (F=19.001, P<0.001), and were determined 
by Western blotting. Figure legend indicates the p-value for ANOVA, and the p-value for post-hoc test is noted on the graph. The value were presented as the mean±SDM of 
three or more independent experiments. *p < 0.05 and **p < 0.001 means the difference is statistically significant.
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Although there has been an agreement that the func
tions of Orexin-A differ in the digestive system and ner
vous system, conflict observations were reported. 
N. Messal’s research shows that Ectopic expression of 
OXR1 in ulcerative colitis mediates the anti- 
inflammatory effect of Orexin-A.29 Another study showed 
that Orexin-A can promote the proliferation and migration 
of cancer stem cells.30 The other result reversely suggested 
that the proliferation of neural progenitor cells derived 
from rat fetal brains was not affected by Orexin-A treat
ment in vitro, and the orexin receptor 1 (OXR1) protein 
was not expressed in these cells.31 That study may have 
been underpowered. The reason is that N. ITO’s research 
used the adult mouse brain extract as a positive control, 
and the result found that neural precursor cells did not 

express the OXR1 receptor. Surprisingly, Our study found 
that both the untreated group of NE-4C cells and the 
Orexin-A treated group had OXR1 receptor expression 
(Figure 4A). Our research shows that Orexin-A can pro
mote the proliferation and migration of NSC cells, which 
is beneficial to repair the neural circuit after NSC 
transplantation.

Our research shows that Orexin-A decreases LPS- 
induced phosphorylation of the MAPK/P38/Erk (1/2) path
way. This result is consistent with recent research. For exam
ple, Orexin-A-induced osteoblastic formation and matrix 
mineralization and the activation of the PKD/p38 MAPK 
pathway are mediated by OXR1.32 Orexin-A could stimulate 
the expression of GLUT4 in a glucose-dependent manner in 
primary hepatocytes via Erk1/2, JNK, and p38 signaling.33 In 

Figure 5 Schematic diagram of the potential mechanism and protective effect of orexin-A on NE-4C inflammatory injury. Orexin-A attenuates inflammatory responses in 
lipopolysaccharide-induced neural stem cells by regulating NF-kB and phosphorylation of MAPK/P38/Erk pathways, which protects NSC transplantation versus host 
response.
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addition, Dandan’s studies have shown that Orexin-A exerted 
its neuroprotective effects in vivo and in vitro by suppressing 
over-activated autophagy by modulating the OXR1- 
mediated MAPK/Erk/mTOR pathway.34

Several limitations are worthy of discussion. At first, 
These conclusions were based on the responses of NE-4C 
cell lines and so might not reflect processes in the intact 
body. We are now confirming our results in Primary cells 
and mice. In addition, Our study did not clarify the specific 
connection between the NF-kB signaling pathway and the 
MAPK/p38/Erk signaling pathway. We will continue to 
discuss whether they are front-to-back or side by side. 
This study also owns some shining points or highlights: 
(1) It is the first time that Orexin-A can promote cell 
proliferation and migration at the level of neural stem 
cells. (2) Orexin-A can facilitate protecting the inflamma
tory responses of NSCs, and provide a beneficial function 
for the application of NSCs in the therapy.

Conclusion
Our results uncover the role of Orexin-A in the regulation 
of neural stem cells. We have demonstrated that Orexin-A 
attenuates inflammatory responses in lipopolysaccharide- 
induced neural stem cells by regulating NF-kB and phos
phorylation of MAPK/P38/Erk pathways (Figure 5). Our 
research results show that Orexin-A is expected to become 
a promising new therapeutic target in neural stem cell 
transplantation.
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