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Abstract. Neural tube defects (NTDs) are the most serious 
and common birth defects in the clinical setting. The Notch 
signaling pathway has been implicated in different processes 
of the embryonic neural stem cells (NSCs) during neural tube 
development. The aim of the present study was to investigate 
the expression pattern and function of Notch1 (N1) in all‑trans 
retinoic acid (atRA)‑induced NTDs and NSC differentiation. 
A mouse model of brain abnormality was established by 
administering 28 mg/kg atRA, and then brain development 
was examined using hematoxylin and eosin (H&E) staining. 
The N1 expression pattern was detected in the brain of mice 
embryos via immunohistochemistry and western blotting. 
NSCs were extracted from the fetal brain of C57 BL/6 embryos 
at 18.5 days of pregnancy. N1, Nestin, neurofilament (NF), 
glial fibrillary acidic protein  (GFAP) and galactocerebro‑
side (GALC) were identified using immunohistochemistry. 
Moreover, N1, presenilin  1  (PS1), Nestin, NF, GFAP and 
GALC were detected via western blotting at different time 
points in the NSCs with control media or atRA media. 
H&E staining identified that the embryonic brain treated with 
atRA was more developed compared with the control group. 
N1 was downregulated in the embryonic mouse brain between 
days 11 and 17 in the atRA‑treated group compared with the 
untreated group. The distribution of N1, Nestin, NF, GFAP 
and GALC was positively detected using immunofluorescence 
staining. Western blotting results demonstrated that there 
were significantly, synchronous decreased expression levels 
of N1 and PS1, but increased expression levels of NF, GFAP 

and GALC in NSCs treated with atRA compared with those 
observed in the controls (P<0.05). The results suggested that 
the N1 signaling pathway inhibited brain development and 
NSC differentiation. Collectively, it was found that atRA 
promoted mouse embryo brain development and the differen‑
tiation of NSCs by inhibiting the N1 pathway.

Introduction

Neural tube defect (NTD) is a serious congenital defect that 
occurs during brain development. NTDs are caused by closure 
anomalies during the development of the neural tube in the 
embryonic stage, and are mainly manifested in the absence of 
the brain, brain expansion, meningeal membrane expansion 
and recessive spinal bifida (1,2). Neural stem cells (NSCs) are 
key cells involved in nerve tube closure and these cover the 
surface of nerve tubes (3). NSC proliferation, differentiation 
and migration serve a pivotal role in the normal closure of 
nerve tubes, and abnormal differentiation will lead to brain 
abnormalities (4,5). NSCs are the least committed cells in 
the nervous system and have self‑renewal and pluripotent 
functional properties, as well as produce all three basic neuro‑
ectoderm lineages (6). NSCs produce neurons, astrocytes and 
oligodendrocytes in a region‑appropriate and stage‑appropriate 
manner throughout their lifespan (7).

In various cell fate regulatory pathways, the Notch signal 
pathway serves a precise and complex regulatory role in cell 
proliferation and differentiation and in embryonic develop‑
ment (8). The Notch signaling pathway is an evolutionarily 
conserved mechanism that functions in multiple cell deter‑
mination processes during metazoan development and in 
adults (8). The core elements of the vertebrate Notch signaling 
system include the Notch receptors [Notch 1 (N1)‑Notch 4], 
Delta (Delta l‑Delta 4), Serrate/Jagged (Jagged 1‑Jagged 2) 
ligands and the DNA binding protein RBPjk/CBF1  (9). 
This system allows neighboring cells to communicate with 
each other via local short‑range intercellular interactions, 
amplifying and consolidating molecular differences which, 
eventually, manifest as different cell fates. Therefore, disrup‑
tion of this pathway has functional consequences for multiple 
different tissues and cell fates (10). The current model for 
Notch signaling assumes that after ligand binding to the 
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Notch receptor via its extracellular domain, the intracellular 
domain of the ligand is ubiquitinated, triggering its endocy‑
tosis, which is activated by the action of presenilin γ‑secretase 
enzymes (8).

All‑trans retinoic acid (atRA) is a normal metabolite of 
retinoic acid present in the body and is an important factor in 
embryonic development (11). Previous studies have reported 
that excess atRA leads to the occurrence of NTDs (12,13). 
However, its specific molecular mechanism remains to be 
elucidated.

The present study demonstrated the role of N1 in embry‑
onic brain tissue from mice (in vivo) and in NSCs (in vitro) 
treated with atRA. Furthermore, the regulatory effect of N1 on 
the differentiation of NSCs and the molecular mechanism of 
brain abnormality caused by atRA treatment were identified. 
These results may provide a novel direction for the application 
of NSCs and clinical prevention of brain abnormality.

Materials and methods

Reagents. Anti‑N1 (cat. no. ab52627), anti‑presenilin1 (PS1; 
cat. no. ab16244), anti‑Nestin (cat. no. ab22035), anti‑neuro‑
filament (NF; cat. no. ab204893), anti‑glial fibrillary acidic 
protein (GFAP; cat.  no.  ab10062), anti‑galactocerebroside 
(GALC; cat. no. ab232972) and anti‑β tubulin (cat. no. ab6046) 
were obtained from Abcam. All other reagents and chemicals 
were purchased from Sigma‑Aldrich (Merck KGaA) unless 
stated otherwise.

Source of tissue. In total, 24 mice were purchased from the 
Experimental Animal Center of Shandong University. Mice 
were housed in conditions at 23±1˚C with a constant humidity 
of 60±10% under a 12 h light/dark cycle, and had free access 
to food and water. The research was approved by the Medical 
Ethics Committee of Shandong Provincial Hospital Affiliated 
to Shandong First Medical University.

Tissue preparation. Female C57BL/6 mice (age, 10‑12 weeks; 
weight, 25‑30 g) were mated with mature males (age, 7‑8 weeks; 
weight, 18‑25 g), and the detection of a vaginal plug was desig‑
nated as embryo day 0 (E0). A total of 24 mice were used. 
According to a study by Seegmiller et al (14), on E7, 12 female 
mice in the treatment group were administered with all‑trans 
atRA (100 mg/kg; Sigma‑Aldrich; Merck KGaA) dissolved 
in corn oil via oral gavage. The other 12 female mice in the 
control group were administered with the same volume of corn 
oil. All pregnant mice were sacrificed via cervical dislocation 
on E11, E13, E15 and E17. The embryos were anesthetized with 
10% chloral hydrate (350 mg/kg body weight) via intraperito‑
neal injection and perfused intracardially with normal saline. 
No signs of peritonitis, pain or discomfort were observed in 
the embryos. The mice brains were obtained for hematoxylin 
and eosin (H&E) staining, as well as immunohistological and 
western blot analyses.

H&E staining. Embryo brains from atRA‑treated and control 
mice on E11, 13, 15 and 17 were fixed with 4% paraformal‑
dehyde at room temperature for 15 min, snap frozen in liquid 
nitrogen‑cooled isopentane and embedded in Optimal Cutting 
Temperature, followed by storage at ‑20˚C. Cryostat sections 

(thickness, 7 µm) were prepared and immersed in Harris' 
hematoxylin at 4˚C for 5 min to stain all nuclei. Sections were 
then washed with cold running tap water for 10 min, coun‑
terstained with eosin at 4˚C for 2 min and washed for 10 min 
with cold running tap water. The sections were visualized and 
images captured using a Leica (DMRAZ) confocal micro‑
scope (magnification, x40; Leica Microsystems, Inc.).

Immunolocalization of N1 in fetal mice. For immunostaining 
of cryosections, cryostat sections were prepared as aforemen‑
tioned, and then were fixed for 15 min at room temperature 
with 4% paraformaldehyde and permeabilized for 15 min in 
0.2% Triton X‑100. After three washes with PBS, the sections 
were incubated in room temperature for 2 h with a primary 
antibody directed against N1 (1:100 in PBS). Following 
three 10‑min washes in PBS, the sections were incubated in 
room temperature for 2 h with appropriate Alexa Fluor 594 
secondary antibodies (1:1,000 in PBS; cat.  no.  A30008; 
Molecular Probes; Thermo Fisher Scientific, Inc.). After an 
additional three washes with PBS, the sections were mounted 
in Hydromount containing bis‑benzimide (Hoechst 33342; 
1:500 of 1 mg/ml stock solution; BDH Chemicals Ltd.) to 
visualize the nuclei. Substitution of the primary antibodies 
with same species non‑immune serum (Abcam) served as the 
negative controls. The sections were visualized and images 
captured using a Leica (DMRAZ) microscope (magnifica‑
tion, x40; Leica Microsystems, Inc.) and a fluorescent image 
analysis software (Quantimet 500; Leica Microsystems, Inc.).

Western blotting for embryonic tissues. Western blot analysis 
was used to further confirm N1 expression in fetal mice. Total 
protein was isolated from atRA‑treated or control embry‑
onic brain tissues as previously described (15) using RIPA 
lysis buffer (Thermo Fisher Scientific, Inc.) supplemented 
with protease and phosphatase inhibitors at 4˚C for 30 min. 
Proteins were then centrifuged at 15,000 x g at 4˚C for 30 min. 
Subsequently, 10% SDS‑PAGE was used to separate equal 
amounts (30 µg) of extracted protein samples, which were then 
transferred to nitrocellulose membranes (EMD Millipore). The 
membranes were blocked with 5% evaporated skimmed milk 
at 37˚C for 1 h and incubated with primary antibodies against 
N1 and β‑tubulin (1:1,000) in 5% evaporated skimmed milk 
at 4˚C for 12 h. Membranes were then incubated with horse‑
radish peroxidase‑conjugated secondary antibody (1:2,000; 
cat. no. 7074s; Cell Signaling Technology, Inc.) in 5% evapo‑
rated skimmed milk at 37˚C for 1 h. An ECL kit (Cell Signaling 
Technology, Inc.) and the ImageQuant Las 4000 mini system 
(Cytiva) was used to observe the protein bands. β‑tubulin was 
used as an internal control. ImageJ version 1.48 u software 
(Nationals Institutes of Health) was used to semiquantify the 
signal intensities.

Isolation and culture of neural stem cells. Embryonic brains 
were isolated from female mice at E18.5. In brief, 10% chloral 
hydrate (350 mg/kg body weight) was used as an anesthetic 
in pregnant mice at E18.5. No signs of peritonitis, pain or 
discomfort were observed in the embryos. Pregnant mice were 
sacrificed via cervical dislocation, and fetal mouse brain tissue 
was removed and placed in a flat dish containing 4% D‑Hanks 
liquid. The brain tissue was cut into 1 mm3 sections. After 
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placing the tissue block in a centrifuge tube, the D‑Hanks 
solution was absorbed and 0.125% trypsin was added at 37˚C 
and 5% CO2. The digestion was oscillated for 20 min and then 
10% FBS in DMEM (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 4˚C was used to terminate differentiation for 20 min. 
DMEM‑F12 medium with 20 ng/ml bFGF and 20 ng/ml EGF 
added to suspend cells, which were cultured in incubators at 
37˚C and 5% CO2. The following day, fresh bFGF and EGF 
were added. The liquid was changed after 3.5 days, and the 
culture was passed from days 7‑9.

Co‑immunolabelling for confirmation. Cultures were fixed 
with 1% paraformaldehyde at room temperature for 20 min 
and washed twice with PBS for 5 min. Cells were incubated 
with 0.2% Triton X‑100 (v/v PBS) for 20 min at room tempera‑
ture to permeabilize the cell membranes, and were then 
washed twice in PBS (10 min each). The cells were incubated 
with primary antibodies against N1 with Nestin (N1 + Nestin; 
1:100), NF (N1 + NF; 1:100), GFAP (N1 + GFAP; 1:100) and 
GALC (N1 + GALC; 1:100) for 2 h at room temperature, 
followed by a 2‑h incubation with Alexa Fluor 488 (1:1,000; 
cat. no. A32723; Molecular Probes; Thermo Fisher Scientific, 
Inc.) and 594 secondary antibodies (1:1,000; cat. no. A30008; 
Molecular Probes; Thermo Fisher Scientific, Inc.) at room 
temperature. After an additional three washes with PBS, the 
cells were mounted in Hydromount containing bis‑benzimide 
as aforementioned. Substitution of the primary antibodies with 
same species non‑immune serum (Abcam) served as negative 
controls. The cells were visualized and images were captured 
using a Leica fluorescent microscope (magnification, x100; 
Leica Microsystems, Inc.) and a fluorescent image analysis 
software (Quantimet 500; Leica Microsystems, Inc.).

Western blot analysis for the differentiation of NSCs after 
treatment with atRA. The 5th‑generation nerve spheres were 
arranged in two groups (experimental and control group) and 
the medium was discarded after centrifugation in 1,000 x g at 
room temperature for 10 min. Induced‑differentiation media 
(DMEM with 20 ng/ml bFGF, 20 ng/ml EGF and N2 addi‑
tives) with or without 1 µmol/l atRA was added at 37˚C to 

nerve sphere on days 1, 3, 5 and 7. The culture medium was 
replaced every 24 h for western blotting.

Proteins isolated from atRA‑treated or control cultured 
NSCs were analyzed using western blot analysis, as afore‑
mentioned. The primary antibodies used were N1, PS1, NF, 
GFAP and GALC (1:1,000). β‑tubulin (1:1,000) was used as an 
internal control.

Statistical analysis. The statistically significant differences 
between groups were analyzed using one‑way ANOVA 
followed with Tukey's multiple comparison test or unpaired 
Student's t‑test, using GraphPad Prism version  4.0 soft‑
ware (GraphPad Software, Inc.). Data are presented as the 
mean ± SD. All experiments were repeated ≥3 times. P<0.05 
was considered to indicate a statistically significant differ‑
ence.

Results

atRA induces brain abnormality in mouse embryos. atRA was 
administered to female mice on E7. H&E staining identified 
the morphological changes in the mouse brain of atRA‑treated 
embryos and controls at E11, 13, 15 and 17 (Fig. 1). On E11, 
the embryos exposed to atRA showed earlier symmetric brain 
matter formation compared with those in the control group, 
based on visual observation. On E13, brain matter grew more 
apparently between atRA‑treated and control embryos. On 
E15, meninges nearly contacted with the opposing side in 
atRA‑exposed embryos, whereas control embryos exhibited 
uncontacted meninges. On E17, the meninges and brain matter 
remained unformed and the medial edge epithelium was 
uncontacted in untreated embryos; however, in atRA‑exposed 
embryos, the two sides of meninges were contacted and the 
brain matter was already developed.

N1 expression is decreased in mouse brains from atRA‑treated 
embryos. To identify the effects of atRA‑induced Notch 
signaling events on brain development, the expression of N1 
in the brains of mice from atRA‑treated and untreated E11 and 
E17 embryos was detected (Fig. 2Aa‑1‑d‑2). The expression of 

Figure 1. Hematoxylin and eosin staining of embryo mouse brain with control treatment and atRA treatment at different time points. There was a difference in 
the morphology of the embryonic brain after atRA treatment. a‑1‑d‑1 show the brains isolated from control embryos on E11, 13, 15 and 17. a‑2‑d‑2 are brains 
isolated from atRA‑exposed embryos on E11, 13, 15 and 17. Scale bar, 40 µM. atRA, all‑trans retinoic acid; E, embryonic day; Con, control.

https://www.spandidos-publications.com/10.3892/mmr.2021.11859
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N1 was further confirmed via western blotting (Fig. 2B), the 
expression of N1 was significantly downregulated in embryos 
treated with atRA compared with the control group (Fig. 2C; 
Table I; P<0.05).

NSC culture shows differentiated neural cells. The cells that 
grew in the culture medium continued to undergo morpho‑
logical changes. Primary NSC culture on day 0 (Fig. 3A) show 
a plurality of formed neurospheres, which were attached on 

Figure 2. Immunolocalization and the expression of N1 from embryo mouse brain. (A‑a‑1‑d‑1) N1 was immunolocalized on local epithelial layers in control 
media (Con, red). (A‑a‑2‑d‑2) N1 appeared to express on epithelium but it seems less appearance in atRA media than control media (red). Blue indicates 
Hoechst‑labelled nuclei. Scale bar, 40 µM. Immunohistochemistry revealed the expression of N1 in palatal tissue isolated from control and atRA‑treated 
embryos between E11 and E17. (B) Expression of N1 in E11, 13, 15 and 17 mice brains with the control media (Con) or atRA media as detected via western 
blotting. Tubulin was used as a control. (C) Semiquantification of results of N1 expression in mice brains isolated from atRA‑exposed and control E11‑17 
embryos. *P<0.05 vs. Con group. atRA, all‑trans retinoic acid; E, embryonic day; Con, control; N1, Notch1.

Figure 3. Primary NSC culture and differentiation. (A) Primary NSC culture on day 0, showing a plurality of neurospheres formed. (B) Then, 1 day after 
differentiation, the shape of neurospheres began to change, and some NSCs were released from the neurospheres. (C) A total of 3 days after differentiation, 
the number of neurospheres appears to decrease, extending cord‑like projection. (D) After 7 days, numerous differentiated forms of nerve cells were observed. 
Scale bar, 40 µm. NSC, neural stem cell.
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the bottom of the flask. Then, 1 day after differentiation, the 
size of neurospheres began to increase, and some NSCs were 
released from the neurospheres. Cells that had divided by 
one cell grew into a suspended growth state of nerve cloned 
spheres, in which numerous cells gathered together (Fig. 3B). 
After 3  days, different types of cells appear around the 
cloned sphere. The edge was observed as a jagged single‑cell 
boundary, with extending cord‑like projections and a strong 
three‑dimensional shape (Fig. 3C). After 7 days, the spherical 
three‑dimensional appearance gradually dissipated. The cells 
in the cloned sphere had a tendency to migrate outwards. The 

cloned sphere was completely attached and a different shape of 
the cells, including neurons, astrocytes and oligodendrocytes, 
was detected (Fig. 3D).

Co‑expression of N1 with Nestin, NF, GFAP and GALC in 
NSCs as detected using co‑immunofluorescence staining. To 
confirm the cell differentiation, a co‑immunofluorescence 
staining technique was used. The results demonstrated there 
were positive co‑expressions of N1 (green) with Nestin (red), 
NF  (red), GFAP (red) and GLAC (red) in NSCs, neurons, 
astrocytes and oligodendrocytes, respectively (Fig. 4A‑D).

Table I. Data of Notch1 expression of mice brain on E11, 13, 15 and 17 with the control media (‑atRA) or atRA media (+atRA) 
from western blotting.

	 Control	 +atRA
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Day	 Exp.1	 Exp.2	 Exp.3	 Exp.1	 Exp.2	 Exp.3	 P‑value

E11	 131.40	 106.80	   88.70	   42.30	   81.30	 53.90	 0.032
E13	 192.10	 175.60	 136.20	 123.20	 111.30	 79.50	 0.0058
E15	 116.20	 101.30	   88.60	   65.90	   37.50	 63.70	 0.049
E17	   92.20	   78.30	   82.50	   41.60	   59.20	 11.80	 0.047

Control, without all‑trans retinoic acid; +atRA, with all‑trans retinoic acid; E, embryonic day; Exp., experiment.

Figure 4. Co‑immunostaining detected the expression of N1 with Nestin, NF, GFAP and GALC in neurons, astrocytes and oligodendrocytes, respectively. 
(A‑a‑1‑a‑4) Staining of N1 + Nestin, N1, Nestin and NSC nuclei respectively. (B‑b‑1‑b‑4) Staining of N1 + NF, N1, NF and neuronal nuclei, respectively. 
(C‑c‑1‑c‑4) Staining of N1 + GFAP, N1, GFAP and astrocyte nuclei, respectively. (D‑d‑1‑d‑4) Staining of N1 + GALC, N1, GALC and oligodendrocyte nuclei, 
respectively. Green indicates the positive staining of N1, Red indicates the positive staining of Nestin, NF, GFAP or GALC. Blue indicates Hoechst‑labelled 
nuclei. Scale bar, 100 µM. N1, Notch1; PS1, presenilin 1; NF, neurofilament; GFAP, glial fibrillary acidic protein; GALC, galactocerebroside.

https://www.spandidos-publications.com/10.3892/mmr.2021.11859
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Expression levels of N1, PS1, NF, GFAP and GALC in NSCs 
with or without atRA as detected via western blotting. Western 
blotting was performed to detect the expression levels of the 
proteins in NSCs. The results indicated that there were signifi‑
cantly decreased expression levels of N1 and PS1, but increased 
expression levels of NF, GFAP and GALC in NSCs from the 
atRA group compared with those in the controls (P<0.05; 
Fig. 5A‑E). β‑tubulin was used as a control. The results of 
statistical analyses have also been detailed in Table II.

Discussion

In vertebrates, NTDs originate from a failure in morphoge‑
netic events that occur during the neurulation process (16). 
Nerve tubes and nerve sheaths are the origins of the nervous 

system. Nerve epithelial cells are NSCs that possess a variety 
of differentiation potentials during the development of nerve 
tubes  (16). The normal proliferation and differentiation 
of NSCs is involved in the normal development of nerve 
tubes (17). Moreover, the development of the neural tube can be 
easily influenced by internal and external factors. For example, 
folic acid deficiency during pregnancy (18), use of antiepileptic 
drugs (19), exposure to heavy metals (20) and pesticides (21) 
all increase the risk of NTDs. Previous studies have reported 
that abnormal development of nerve epithelium is associated 
with NTDs, which occurs as the result of the differentia‑
tion of NSCs under various regulatory mechanisms, such as 
convergent extension, apical constriction, interkinetic nuclear 
migration and multiple signaling pathway (22). Furthermore, 
NSCs have the ability to self‑renewal and diversify (23,24).

Figure 5. Expression levels of N1, PS1, NF, GFAP and GALC in neural cells at D1, 3, 5 and 7 treated with the Con or atRA media as detected by western 
blotting. Expression levels of (A) N1, (B) PS1, (C) NF, (D) GFAP and (E) GALC in atRA media have been compared with in control media. Tubulin was used 
as a control. *P<0.05 Con vs. atRA. Con, control media; N1, Notch1; PS1, presenilin 1; NF, meurofilament; GFAP, glial fibrillary acidic protein; GALC, galac‑
tocerebroside; atRA, all‑trans retinoic acid; D, day.
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atRA is a powerful inducer that can cause NTDs. Previous 
studies have revealed that atRA‑induced NTDs are associated 
with the abnormal expression of Smad protein (25,26). atRA 
induces significant alterations in the expression of various 
stemness and differentiation genes associated with neuro‑glial 
differentiation in NSCs (22). However, there is little research 
on the effect of atRA on the proliferation and differentiation of 
NSCs. Therefore, the primary focus of the present study was 
to investigate the effect of atRA on N1 expression in NSCs to 
identify the teratogenic mechanism of atRA.

The Notch signaling pathway influences the development 
of multiple biological functions, including differentiation, 
proliferation and apoptosis (27). Notch signaling has previously 
been reported to be inhibited during atRA‑induced glioblas‑
toma stem cell growth inhibition (28). In the present study, 
the effects of atRA on primary neurulations were investigated 
during neurogenesis. It was identified that N1 expression was 
downregulated in atRA‑treated E11‑17 embryos compared 
with that in the controls. The present results indicated that 
atRA promoted neural tube differentiation via the suppression 
of N1 activation.

To further investigate the effects of N1 in atRA‑induced 
stem cells fate, primary NSCs were extracted from the fetal 
brain of 18.5‑day pregnant mice. After differentiation of the 
culture medium to cultivate NSCs, cells could be divided into 

neurons, astrocytes and oligodendrocytes, as indicated via 
morphology and immunofluorescence identification. It was 
demonstrated that NSCs had self‑renewal and multidirec‑
tional differentiation capabilities, which was consistent with 
previous studies (29,30). Moreover, the expression of N1 on 
the cell membrane and cytoplasm of differentiated neurons, 
astrocytes and oligodendrocytes was detected via co‑immuno‑
fluorescence, and it was suggested that N1 was associated with 
the differentiation of NSCs.

The Notch signal pathway serves a regulatory role in cell 
proliferation and differentiation  (8). The ubiquitination of 
PS1 by C. elegans SEL‑10 targets PS1 for degradation via 
the ubiquitin‑proteasome system and antagonizes the activity 
of the Notch signaling pathway (31). Previous studies have 
reported that PS1, the main factor of the presenilin γ‑secretase 
enzymes, activates the downstream molecules of the Notch 
signaling pathway  (31‑33). In accordance with the present 
results of the in vivo study, N1 expression was downregulated 
in atRA‑treated NSCs. Furthermore, the expression of PS1, 
as the target of atRA in Notch signaling, was detected. The 
results demonstrated that the PS1 was also downregulated in 
atRA‑treated NSCs.

Based on the present results, western blotting was 
conducted to further detect the expression levels of N1 and 
PS1 and the differentiation of NSCs with or without atRA. 

Table II. Data of N1, PS1, NF, GFAP and GALC expression levels in neural cells on days 1, 3, 5 and 7 with the control media 
(‑atRA) or atRA media (+atRA) from western blotting.

	 Control	 +atRA
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Protein	 Day	 Exp.1	 Exp.2	 Exp.3	 Exp.1	 Exp.2	 Exp.3	 P‑value

N1	 D1	 211.30	 169.90	 148.70	 123.40	 102.30	 142.60	   0.019
	 D3	 197.50	 181.20	 158.10	 100.20	 123.30	 137.90	   0.011
	 D5	 132.20	 181.10	 151.30	 73.40	 61.70	 89.50	   0.0007
	 D7	 79.80	 93.60	 103.30	 36.70	 58.40	 42.50	   0.048
PS1	 D1	 126.30	 135.70	 119.80	 96.40	 102.70	 97.50	   0.011
	 D3	 125.10	 116.70	 106.20	 76.60	 104.60	 91.30	   0.025
	 D5	 59.90	 78.50	 52.40	 21.30	 5.10	 12.70	 <0.0001
	 D7	 37.60	 47.40	 24.30	 12.30	 19.20	 8.30	   0.042
NF	 D1	 18.30	 22.40	 29.60	 32.50	 18.90	 38.60	   0.94
	 D3	 33.10	 31.10	 23.50	 103.30	 121.60	 96.70	 <0.0001
	 D5	 51.60	 44.80	 68.70	 93.50	 103.60	 116.30	 0.0004
	 D7	 71.30	 93.20	 78.80	 123.70	 138.50	 101.20	 0.0027
GFAP	 D1	 21.10	 28.90	 33.80	 15.40	 18.70	 28.60	   0.88
	 D3	 67.80	 75.70	 58.90	 102.30	 88.20	 94.30	   0.018
	 D5	 92.50	 78.10	 85.30	 98.90	 112.30	 123.70	   0.024
	 D7	 82.70	 78.30	 104.20	 109.50	 128.60	 98.60	   0.045
GALC	 D1	 62.70	 39.80	 31.30	 59.70	 70.80	 64.20	   0.40
	 D3	 61.80	 38.70	 58.50	 49.60	 104.60	 86.70	   0.16
	 D5	 73.60	 81.80	 85.60	 126.40	 116.70	 103.80	   0.044
	 D7	 113.50	 92.70	 79.80	 148.90	 126.60	 142.10	   0.010

Control, without all‑trans retinoic acid; +atRA, with all‑trans retinoic acid; D, experiment day; Exp., experiment; N1, Notch1; PS1, prese‑
nilin 1; NF, neurofilament; GFAP, glial fibrillary acidic protein; GALC, galactocerebroside.
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In untreated NSCs, the expression levels of both N1 and PS1 
were regularly decreased, but there were significant increases 
in NF, GALC and GFAP expression levels in a time‑dependent 
manner. It was suggested that the decreased expression levels 
of N1 and PS1 were synchronous, and when the expression of 
both of these factors declined the markers of neurons, astro‑
cytes and oligodendrocytes, including NF, GALC and GFAP, 
were significantly increased. Moreover, it was indicated that 
the decrease of N1 expression, to a certain degree, significantly 
promoted the differentiation of NSCs. After the treatment of 
NSCs with atRA, the expression levels of N1 and PS1 gradu‑
ally decreased, but the expression levels of NF, GALC and 
GFAP were increased significantly. Thus, the present results 
demonstrated that after atRA treatment, the differentiation 
ability of NSCs was increased.

In NTDs, the role of Notch1 signaling pathway is complex. 
Recent research has revealed the inhibition of N1 by suppressing 
the RhoA/ROCK1 signaling pathway caused a decreased in the 
expression levels of its target genes, hes family bHLH transcrip‑
tion factor 1 (Hes1) and Hes5, which led to the promotion of 
neuronal differentiation (34). To the best of our knowledge, 
the present study provided the first evidence that N1 inhibits 
NSC differentiation via the activation of PS1. After NSCs were 
treated with atRA, the expression of N1 was gradually decreased 
via the inhibition of PS1, and the markers of the differenti‑
ated cells, such as neurons, astrocytes and oligodendrocytes, 
were significantly increased, indicating that atRA promoted 
the differentiation of NSCs by inhibiting PS1. However, the 
present study has some limitations. For example, the changes 
of N1 expression were studied only at the protein level, and the 
downstream factors associated with the Notch pathways were 
not further investigated. Thus, future studies will examine the 
relationship between the target genes Hes1 and Hes5 and the N1 
signaling pathway in NTDs at the gene and protein levels.

Collectively, the present results provided evidence to 
improve the understanding of the molecular mechanism of 
NTDs, such as brain bulging, meningeal membrane bulging 
and recessive spinal bifida, which are caused by increased 
amounts of atRA. The present study demonstrated the role of 
atRA in the successful development of the neural tube, as well 
as identified the common etiology for a spectrum of idiopathic 
anomalies that characterize certain human congenital disor‑
ders. These findings highlighted the molecular and teratogenic 
actions of atRA and may contribute to the development of 
potential novel treatments for NTDs in the future.

In conclusion, the present study demonstrated that atRA 
mainly promoted the differentiation of NSCs by inhibiting 
the action of γ‑secretase enzymes, which activated the Notch 
signal pathway. These conclusions provide not only a theoret‑
ical basis for the future clinical application of NSCs, but also 
a novel treatment window for the prevention of fetal NTDs.
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