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A b s t r a c t

Aim of the study: To investigate the effects of crocin on proliferation and migration of endogenous neural stem cells 
and the Notch1 signalling pathway in rats after cerebral ischemia reperfusion.
Material and methods: SD rats were randomly divided into the sham operation group, model group and adminis-
tration group (crocin). Middle cerebral artery occlusion (MCAO/R) was used to establish the focal cerebral ischemia 
reperfusion model in rat. After surgical treatment, the treatment group was treated with crocin. Quantitative poly-
merase chain reaction (qPCR) was used to detect the changes in the expression of Notch1, Bax and bcl-2 proteins in 
rat endogenous neural stem cells after cerebral ischemia reperfusion. ELISA was used to detect changes in inflamma-
tory factors. Neural stem cells were cultured in vitro, which were divided into: the normal control group, the hypogly-
caemic deprivation/reoxygenation group, hypoglycaemic deprivation/reoxygenation group with a low concentration 
of crocin, and hypoglycaemic deprivation/reoxygenation group with a high concentration of crocin. The cell prolifera-
tion assay detects cell activity. The cell migration assay tests the cell migration ability. And flow cytometry was used 
to determine cell apoptosis.
Results: Compared with the sham group, the Notch1 signalling pathway was activated in the model group. 
The expression of Notch1 in the crocin group was increased compared to the model group. Crocin can inhibit the 
release of inflammatory factors. The results of our experiments showed that crocin could induce the proliferation 
and migration of neural stem cells and inhibit the apoptosis of neural stem cells in the hypoglycaemic/reoxygenation 
model group.
Conclusions: Crocin sufficiently promotes the proliferation and migration of neural stem cells and inhibits the apop-
tosis of these cells in rats after ischemia-reperfusion by manipulating the Notch signalling pathway.
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Introduction

Cerebral ischemia is known as a  common acute 
cerebrovascular disease with a high occurrence of dis-
ability and mortality [25,27]. The key of treatment is 

to prevent functional loss of neurons due to ischemic 
penumbra and to promote the recovery of neuronal 
functions after injury. Although important advances 
have been made in hyper-early thrombolysis and neu-
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ronal protection in the acute phase, neuronal death 
is inevitable in most patients with cerebral ischemia. 
How to promote the recovery of neuronal function in 
the convalescent period of cerebral ischemia is still 
the focus of current research on cerebral ischemia. 
Neural stem cells, a  key component in the nervous 
system, are known to differentiate into neurons and 
glial cells. Thus, they provide an opportunity to ele-
vate the loss of neurons and the restoration of neural 
stem cell function is therefore important for the treat-
ment of cerebral ischemia [2,20,24].

Recent studies have found that neural stem cells 
proliferate and differentiate after cerebral ischemia, 
indicating their participation in the physiological and 
pathological process of cerebral ischemia. Rat cere-
bral ischemia model established by Kee et al. [13] used 
two-vessel occlusion combined with hypotension and 
they found an increased proliferation of dentate gyrus 
stems cells by 2~3 times after 1 week of ischemia 
reperfusion. And 2 weeks later, 60% of the proliferat-
ing cells expressed CRMP4, a marker indicating neu-
rons in their naive stage. After 5 weeks of reperfusion,  
36%  of the proliferating cells became matured neu-
rons. Jin et al. [11] found that cerebral ischemia not only 
promotes the proliferation of neural stem cells in the 
dentate gyrus of the hippocampus, but also affects the 
neural stem cells of subventricular zone (SVZ) in the 
inferior lateral ventricle. Moreover, the proliferation of 
neural stem cells in the un ischemic/non-ischemic side 
of the cerebral hemisphere also increased, and the pro-
liferation of neural stem cells in the ischemic side of 
the dentate gyrus (DG) was the most obvious. Arvids-
son et al. [1] compared the effects of middle cerebral 
artery occlusion (MCAO) for 30 min and 2 hours on 
neural stem cells, and the results showed that cere-
bral ischemia for 30 min only caused mild and vari-
able stem cell proliferation. After cerebral ischemia for  
2 hours, DG neural stem cells were significantly pro-
liferated, and this increase in proliferation was not 
dependent on the death of hippocampal neurons, nor 
was it related to the degree of damage to the cerebral 
cortex. However, the relationship between ischemia 
and stem cells is not completely linear, and severe  
ischemia may lead to a decrease in stem cells. There-
fore, it is of great significance to identify the key path-
ways in the process of cerebral ischemia, and timely 
intervene in the cerebral ischemia injury with drugs to 
promote the repair of neural stem cells.

The Notch cell signalling pathway contains Notch 
receptor, ligand (DSL), CSL protein and downstream 

target gene [28,30,32]. The activation process of 
a typical Notch signalling pathway involves the bind-
ing of Notch receptor to the ligand DSL, and sub-
sequently the released Notch intracellular domain 
(NICD) which then translocates into the nucleus and 
binds to the CSL protein to activate the downstream 
targets [18,19]. Studies have shown that the Notch 
signalling pathway regulates the proliferation and 
differentiation of neural stem cells [3,6]. The Notch 
signalling pathway can interact with the recep-
tor through the ligand of adjacent cells to transmit 
signals and further play an important signalling 
pathway of its biological function. This pathway is 
involved in the process of maintenance and differen-
tiation of neural stem cells with its control of variety 
of neural stem cell functions. The crocin is a peren-
nial iris crocus (Crocus sativus L.) Dry stigma [12]. 
Crocin (crocin) is a series of ester glycosides formed 
by the combination of crocin acid and different sug-
ar, a kind of water-soluble carotenoid compound in 
crocin [35]. Crocin has a protective effect on cerebral 
ischemia-reperfusion injury, but whether crocin can 
regulate the Notch1 signalling pathway and promote 
the proliferation and migration of neural stem cells 
remains to be investigated.

In this study, the effect of crocin on the Notch 
signalling pathway of nerve cells after cerebral isch-
emia reperfusion was observed, and the mechanism 
of crocin in treating ischemic stroke was discussed. 
Meanwhile, oxygen-glucose deprivation/reoxygen-
ation (OGD/R) was used to simulate cerebral isch-
emia-reperfusion in vivo to observe the effects of 
crocin on the proliferation, vitality and Notch1 sig-
nalling pathway of neural stem cells. In order to find 
a new therapeutic target for the mitigation or even 
prevention of cerebral ischemia.

Material and methods

Experimental animals

Female SD rats (300 ±20 g) were provided by 
Hunan Tianqin, a biotechnology company and kept 
in 12 hours day/night cycles. All conducted proce-
dures were approved by the Ethics Committee of 
Mudanjiang Medical University.

MCAO/R animal model

According to the random number table, the rats 
were randomly divided into groups, and the left mid-
dle cerebral artery occlusion (MCAO) model was con-
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structed by a line bolting method [4,15,29]. The spe-
cific operation was as follows: the neck skin of the 
rats was lengthwise incised about 1.5 cm to the left 
of the anterior median line. The left common carotid 
artery (LCCA), external carotid artery (ECA) and inter-
nal carotid artery (ICA) were isolated by avoiding the 
blood vessels. The ECA and LCCA were ligated with 
thread. Near bifurcation of LCCA (the fixed distance 
is 2-3 mm), a small cut with ophthalmic shear was 
made, and the MCAO plug line was inserted into the 
opening slowly. When the plug line reached 20 mm 
near the bifurcation of LCCA, the speed was slowed 
down and a little resistance was felt, indicating that 
the plug line has blocked the middle cerebral artery. 
The plug line and ICA was clamped to prevent the 
plug line from slipping out. After 120 min, the artery 
clip was opened and the thrombus line was carefully 
extracted to achieve the goal of ischemia-side reper-
fusion. ICA was subsequently ligated on the opera-
tive side. Penicillin disinfection and suture incision 
was done. Before the operation, the rats fasted for 
12 hours and drank water freely. In the sham opera-
tion group, the left cervical blood vessels were isolat-
ed, but the embolus was not inserted. The concen-
tration of crocin in the low concentration group was 
10 mg/kg, and that of the high concentration group 
was 50 mg/kg, 1 time/day. The sham operation group 
and model group were given the same amount of 
distilled water, 1 time/day. All the rats were anesthe-
tized by administration of chloral hydrate (10% w/v) 
intraperitoneally (i.p.).

Cell culture

Neural stem cell complete medium + 10% FBS 
(SH30088.03, Hyclone, USA) was used to adjust the 
density of neural stem cells to 2 × 105/ml. Cell cul-
ture medium DMEM/F12 (1 : 1), 11320-033, Gibco, 
USA. 20 μl of neural stem cells were inoculated into 
96-well plates coated with polylysine, and cultured in 
an incubator for 2 hours to promote adherence. Then 
50 μl neural stem cells complete medium was added 
to continue culturing. In the experiment, the normal 
control group only added 10% normal rat serum to 
the complete medium, and the OGD/R group as the 
control continued to be cultured with neural stem 
cell complete medium containing 10% normal rat 
serum after reoxygenation. In the crocin group, 10 μM 
and 50 μM crocin were added to the complete culture 
medium of neural stem cells.

Establishment of OGD/R neural stem 
cell culture model

The culture medium of the neural stem cells to 
be tested was changed to the artificial cerebrospinal 
fluid without sugar in a pre-balanced mixture of 5% 
CO2 and 95% N2 for 1 hour. Its composition (mmol/l) 
was as follows: NaCl: 123, KCl: 3.75, KH2PO4: 1.25, 
NaHCO3: 26, MgCl: 21, CaCl2: 2, pH = 7.4. The fluid 
was put in a  closed constant temperature cultiva-
tion device (COOK desktop incubator, model: COOK-
KMINC-1000, origin: Australia), the temperature was 
maintained at 35°C, the culture gas was changed to 
5% CO2, 95% N2 mixed gas. After 3 hours, the artifi-
cial cerebrospinal fluid was replaced with the culture 
medium and placed back in a 37°C incubator con-
taining 5% CO2 for 1 day.

Cell proliferation experiment

Neural stem cells were seeded in 96-well plates 
previously coated with polylysine. After the experi-
ment, 20 μl MTT (5 g/l) was added to each well of 
the 96-well plate, the cells continued to incubate at 
37°C for 4 hours, the supernatant was discarded, 
150 μl dimethyl sulfoxide was added to each well, 
it was shaken for 10 min, the crystal was fully dis-
solved, 490 nm Wavelength was selected, the absor-
bance (A) value of each well was measured on an 
enzyme-linked immunoassay detector. The data are 
expressed in relative multiples compared to the nor-
mal control group.

Cell migration assay

Transfected cells were first exposed to OGD/R 
conditions and then using Transwell migration cham-
bers (8.0 μm pore, Costar-Corning, NY) were used to 
perform the migration assay. The upper chamber 
was filled with 100 μl suspended cells in serum-free 
medium, and the lower chamber was filled with com-
plete medium. After incubation at 37°C for 24 hours, 
non-migrated cells on the upper compartment were 
removed by cotton swabs. The migrated cells were 
stained with crystal violet (Beyotime, Nantong,  
China) and quantified under a  light microscopy 
(Nikon, Japan).

Flow cytometry to detect apoptosis

Cells were seeded in a  6-well plate at 1 × 105/
well. After the cells adhered to the wall, three repli-
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cate wells were set in each group, and cultured for 
48 hours after different treatments. The cells were 
digested with trypsin without EDTA and centrifuged 
at 2000 r/min for 5 min. The cells were washed twice 
with phosphate-buffered saline (PBS) and re-sus-
pend by adding 500 μl of binding buffer. 5 μl annexin 
V-FITC and 10 μl PI was added successively, mixed 
well, incubated at room temperature in the dark for 
15 min, the cell number was adjusted to 1 × 104/tube, 
and the apoptosis of each group was detected by 
flow cytometry.

TUNEL detects apoptosis

The cells were washed with PBS buffer. Then 
they were fixed with 4% paraformaldehyde for 
30  min. 0.3% triton X-100 was added to the cells 
and incubated at room temperature for 5 min. 
They incubated in 0.3% hydrogen peroxide solution 
(0.3% H2O2) prepared by PBS at room temperature 
for 20 min to inactivate the endogenous peroxi-
dase in sections. Then they were washed with PBS 
3 times. An appropriate amount of TUNEL detection 
fluid was prepared and fully mixed. 50 μl TUNEL 
detection solutions was added to the sample and 
incubated in the dark at 37°C for 60 min, then it 
was washed with PBS 3 times. Fluorescence micro-
scope was used to observe the film after the film 
was sealed with anti-fluorescence quenching liquid 
(Nikon, Japan). The excitation wavelength range 
used is 450-500 nm and the emission wavelength 
range was 515-565 nm.

QPCR

Cells were seeded in 6-well plates at 1 × 105 cells/ 
well. After the cells adhered to the cells, they were 
treated separately according to the experimen-
tal group, and an untreated control group was set 
up at the same time. The cells were collected after  
48 hours. The TRIzol method extracted the total 
RNA of cells. PrimeScript RT Reagent Kit was used 
to reverse transcribe the total RNA of each cell into 
cDNA. cDNA was taken for real-time fluorescence 
quantitative PCR detection. The primers were syn-
thesized by Shanghai Shenggong Biological Engi-
neering Co. The primer sequence was as follows: 
Bcl-2, F: ATGCCTTTGTGGAACTATATGGC, R: GGTATGC- 
ACCCAGAGTGATGC; Bax, F: TGAAGACAGGGGCCTTTT 
TG, R: AATTCGCCGGAGACACTCG; Notch1, F: TCGT-
GTGTCAAGCTGATGAGG, R: AGTTCGGCAGCTACAGGT-

CACAA; Hes-1, F: GCAGACATTCTGGAAATGACTGTGA,  
R: GAGTGCGCACCTCGGTGTTA; β-actin, F: GGCTG-
TATTCCCCTCCATCG, R: CCAGTTGGTAACAATGCCATGT. 
Reaction conditions were as follows: 94°C for 2 min; 
92°C for 20 s, 56°C for 30 s, 72°C for 45 s, a  total 
of 30 cycles, the last extension 72°C for 7 min. 
The 2-DDCt method was used to calculate the relative 
expression of each gene.

ELISA

Enzyme-linked immunosorbent assay (ELISA) 
was used to detect the expression of inflammatory 
factors in the neural stem cell culture. The cells 
were collected by reference to ELISA. The OD value 
was detected at the wavelength of 450 nm with an 
enzyme marker, and then the OD value of the blank 
control group was subtracted. Then the concentra-
tion of the standard substance and the measured 
OD value were used as the standard curve to calcu-
late the concentration of the sample to be tested.

Statistical method

All the counting data were processed by 
SPSS20.0 statistical software, and the results were 
expressed as x ±s. Independent sample t test was 
used for comparison between two groups, and 
one-way ANOVA was used for comparison between 
multiple groups. P < 0.05 was considered statisti-
cally significant.

Results

In the MCAO/R model, the Notch1 
signalling pathway was up-regulated 
and the content of inflammatory 
factors increased

To study the role of the Notch1 signalling path-
way in cerebral ischemia, we first constructed a rat 
MCAO/R model, and then detected the changes in 
the expression of Notch1 in the sham group and the 
model group. We found an increased level of Notch1 
in the MCAO/R model group compared to the control 
(Fig. 1A). Cell surface Notch ligand, namely the DSL 
(Delta, Serrate, Lag-2) protein family, which includes 
the mammalian derived jagged ligand 1 (Jagged1) 
was also up-regulated in the MCAO/R model group  
(Fig. 1B). Further results showed an elevated level of 
Hes1 and c-Src in the MCAO/R model group (Fig. 1C, D). 
Moreover, compared with the control group, the 
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Decreased proliferation and increased 
apoptosis in the OGD/R neural stem 
cell model
To further investigate the pathogenesis of cere-

bral ischemia, an in vitro cell model was constructed. 
The results of cell proliferation assay showed that 
the proliferation capacity of cells in the OGD/R group 
was decreased compared to the control (Fig. 3A, B). 
Moreover, cell migration experiments also showed 
a decreased migration capacity of neural stem cells 
after OGD/R treatment compared to the control 
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Fig. 1. The Notch1 signalling pathway is upregulated in a rat middle cerebral artery occlusion/reperfusion 
(MCAO/R) model. A) The expression levels of Notch1 in the sham operation group (Sham) and MCAO/R 
model group were detected by qPCR. B) The expression levels of Jagged1 in the sham operation group 
(Sham) and MCAO/R model group were detected by qPCR. C) The expression levels of Hes1 in the sham 
operation group (Sham) and MCAO/R model group were detected by qPCR. D) The expression of c-Src was 
detected by qPCR. E) The CSL expression level was detected by qPCR. *p < 0.05, **p < 0.01, ***p < 0.001.
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expression of CSL, a group of DNA-binding proteins 
which play a key role in the Notch signalling path-
way, was up-regulated in the MCAO/R model group 
(Fig. 1E). Accordingly, changes in levels of inflamma-
tory mediators were observed in the brain tissue 
of ischemia-induced rats. Levels of inflammatory 
mediators such as nuclear factor κB (NF-κB), tumour 
necrosis factor α (TNF-α) and interleukin 6 (IL-6) in 
brain tissue homogenates were found to be higher 
in the MCAO/R model group than in the sham group 
(Fig. 2A-C). 
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Fig. 2. The MCAO/R model group increased levels of inflammatory factors. A) The expression of NF-κB 
was detected in the sham operation group (Sham) and MCAO/R model group. B) The expression of TNF-α was 
detected in the sham operation group (Sham) and MCAO/R model group. C) The expression of IL-6 was detect-
ed in the sham operation group (Sham) and MCAO/R model group. **p < 0.01, ***p < 0.001.
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Fig. 3. The glucose deprivation/reoxygenation (OGD/R) neural stem cell model has reduced proliferation 
and increased apoptosis. A) The molecular structure of crocin. B) Cell proliferation ability was measured 
after different treatments. C) Cell migration was measured after different treatments. D) Flow cytometry 
to detect apoptosis. E) Apoptosis was detected by TUNEL staining. F) qPCR detection of Bax expression. 
G) qPCR detection of Bcl-2 expression. *p < 0.05, **p < 0.01, ***p < 0.001. Magnification 200×.
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(Fig. 3C). To detect cell apoptosis we utilized the 
flow cytometry technique and our results showed 
that, compared with the control group, the apopto-
sis rate of neural stem cells increased after OGD/R 
treatment (Fig. 3D). TUNEL staining indicated a con-
sistent finding observed in flow cytometry analy-
sis. After OGD/R treatment, the apoptosis of neural 
stem cells increased (Fig. 3E). We therefore sought 
to detect the expression level of apoptosis-related 
protein Bax, and the data showed that, compared 
with the control group, the expression level of Bax 
was increased after OGD/R treatment (Fig. 3F). In 
addition, the level of anti-apoptotic protein bcl-2 was 
reduced in the OGD/R group (Fig. 3G).

Crocin activates the Notch1 signalling 
pathway in the MCAO/R model 
and inhibits inflammatory cytokines

To understand the potential therapeutic effect 
of crocin on cerebral ischemia and its mechanism of  
action, we sought to determine the alterations  
of Notch1 in the sham group and model group after 
administration of crocin in our MCAO/R model. Our 
results showed that, compared with the control 
group, the expression level of Notch1 in the MCAO/R 
model group was elevated (Fig. 4A), and the Notch 
pathway could be further activated after administra-
tion of crocin. Moreover, our data demonstrated that 

Re
la

ti
ve

 e
xp

re
ss

io
n 

of
 N

ot
ch

1
Re

la
ti

ve
 e

xp
re

ss
io

n 
of

 H
es

1
Re

la
ti

ve
 e

xp
re

ss
io

n 
of

 C
SL

Re
la

ti
ve

 e
xp

re
ss

io
n 

of
 c

-S
rc

Re
la

ti
ve

 e
xp

re
ss

io
n 

of
 J

ag
ge

d1

4

3

2

1

0

4

3

2

1

0

2.5

2.0

1.5

1.0

0.5

0.0

3

2

1

0

4

3

2

1

0
 Sham MCAO/R MCAO/R  MCAO/R
   + 10 μM crocin   + 50 μM crocin

 Sham MCAO/R MCAO/R  MCAO/R
   + 10 μM crocin     + 50 μM crocin

 Sham MCAO/R MCAO/R  MCAO/R
   + 10 μM crocin     + 50 μM crocin

 Sham MCAO/R MCAO/R  MCAO/R
   + 10 μM crocin     +50 μM crocin

 Sham MCAO/R MCAO/R  MCAO/R
   + 10 μM crocin     + 50 μM crocin

A

C

E

D

B

Fig. 4. Crocin activates the Notch1 signalling 
pathway in the MCAO/R model. A) Detection of 
Notch1 expression in different treatment groups. 
B) The Jagged1 expression level was measured 
after different treatments. C) The Hes1 expres-
sion was measured after different treatments.  
D) The c-Src expression level was measured 
after different treatments. E) The CSL expression 
level was measured after different treatments.  
*p < 0.05, **p < 0.01, ***p < 0.001. 
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the MCAO/R model induced an increased expression 
of Jagged1 (Fig. 4B) that can be further promoted by 
the administration of crocin. Next, similar to Notch1, 
we found that the variation trend of Hes1 and c-Src 
was also changed accordingly (Fig. 4C, D). Com-
pared with the control group, the expression level of 
CSL was up-regulated in the MCAO/R model group  
(Fig. 4E), while the expression level of CSL could be 
further up-regulated. The above data illustrated that 
the expressions of Notch1 and Jagged1 in the model 
group were higher than those in the sham group. 
These results indicated that Notch signalling path-
way may be involved in the proliferation of neural 
stem cells after cerebral ischemia. And our findings 
are consistent with the previous publications that 
glycoside activates the Notch pathway in addition to 
cerebral ischemia.

Levels of inflammatory mediators NF-κB, TNF-α, 
and IL-6 were observed in the brain tissue of ische-
mia-induced rats compared to the control group. In 
rats treated with safflower, the levels of NF-κB, TNF-α 
and IL-6 in brain homogenate in the treatment group 
were dose-dependently reduced (Fig. 5A-C) compared 
with those in the model group.

Crocin protects glucose deprivation/
reoxygenation (OGD/R) neural stem 
cells

Finally, to further discover the protective effect of 
crocin on neural stem cells, we evaluated the effect 
of crocin on the proliferation and migration of neu-
ral stem cells utilizing the cell model constructed 
in vitro. Results of the cell proliferation experiment 
showed that compared with the control group,  

the proliferation ability of cells in the OGD/R group 
was reduced, but the proliferation ability of cells 
was enhanced after treatment with crocin (Fig. 6A). 
Furthermore, cell migration experimental results 
also confirmed that the migration ability of neu-
ral stem cells was reduced after OGD/R treatment, 
but the cell migration ability was enhanced after 
crocin treatment (Fig. 6B). And we have once again 
applied flow cytometry analysis to detect cell apop-
tosis and found that crocin sufficiently attenuated 
the increased apoptosis rate in neural stem cells 
induced by OGD/R (Fig. 6C). TUNEL staining results 
were consistent with the results of flow cytometry 
apoptosis detection. After OGD/R treatment, apop-
tosis of neural stem cells increased, while apopto-
sis was inhibited after addition of crocin (Fig. 6D). 
We further detected the expression level of apopto-
sis-related protein Bax. And our results suggested 
an increased level of Bax after OGD/R treatment. 
Yet this effect can be inhibited by crocin (Fig. 6E). 
The expression of anti-apoptotic protein Bcl-2 was 
reduced in the OGD/R group, while the expression 
of Bcl-2 could be up-regulated in the crocin on the 
west (Fig. 6F).

Discussion

Numerous studies have demonstrated that cere-
bral ischemia activates endogenous neural stem 
cells in the adult brain, and researchers have always 
wanted to understand the regulatory mechanisms 
of neural stem cells and how they may be applied 
in treating stroke patients [26,31,34]. The regula-
tory mechanisms of neural stem cells are complex 
and still not fully understood. Age, diet, exercise 

Fig. 5. Crocin inhibits inflammatory factors in the MCAO/R model group. A) Detection of NF-κB expres-
sion after different treatments. The expression level of NF-κB was decreased in the crocin treated group. 
B) Detection of TNF-α expression after different treatments. The expression level of TNF-α was decreased 
in the crocin treated group. C) Detection of IL-6 expression after different treatments. The expression level 
of IL-6 was decreased in the crocin treated group. ***p < 0.001. 
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[14,17,23] as well as signal transduction pathways 
and neurotrophic factors are all involved. 

Studies suggest that neural regeneration can 
be promoted after cerebral ischemia. Iwai et al. [10] 
suggested that neural regeneration after cerebral 
ischemia can be divided into three stages: prolifera-
tion, migration and differentiation. The cell prolif-
eration reached a peak on the 10th day after cere-
bral ischemia. The cells that began to proliferate  
20 days after ischemia expressed neural cell adhe-
sion molecule (NCAM), and migrated to human 
granulosa from the subgranulosa region. How ever, 
it was not until 60 days after ischemia that the 
migrating cells turned into mature neurons. Sato  
et al. [23] observed that there was only a  small 
amount of NCAM expression in SVZ in normal rats, 
and the number of older animals was slightly high-
er than that in the young group. After ischemia for  
90 min, the number of NCAM positive cells increased 
in the young group and reached a peak after 1 day, 
while the expression of NCAM was the highest in 
the old group after 3 days. This suggests that cere-
bral ischemia can promote migration of neural stem 
cells.

The Notch signalling pathway is known to main-
tain the cellular characteristics of NSCs and inhibit 
neurogenesis [9,16,36]. The reason why neural stem 
cells can continuously produce new nerve cells is pre-
cisely because of the regulation of Notch signalling 
pathway, so that the proliferation and differentia-
tion of NSCs can maintain a stable equilibrium state.  
The Notch signalling pathway plays an important 
role in the multi-directional differentiation of NSCs 
[5,8]. In our particular study, animal experiments 
demonstrated that crocin activates the signal of 
Notch1 in brain ischemia-reperfusion injury tissues. 
Compared with the sham group, the expression lev-
els of Notch1 were up-regulated in the model group 
and the administration group. Compared with the 
model group, the expression of Notch1 was more 
up-regu lated after treatment with crocin. In this 
study, it was also found that the proliferation of 
neural stem cells increased significantly after oxy-
glycemic deprivation/reoxygenation, but the cell 
viability may be decreased and the apoptosis may 
be increased, which is consistent with the expres-
sion after ischemia-reperfusion in vivo. By activating 
Notch1, crocin can promote the survival of neurons, 
inhibit the release of inflammatory cytokines, and 
reduce the apoptosis of neural stem cells.

After ischemia-reperfusion, the generation of 
reactive oxygen species is the main cause of neu-
ronal injury and even apoptosis. Improving the anti-
oxidant capacity of cells can reduce the damage [5]. 
Studies have found that crocin has a strong antioxi-
dant capacity, which can inhibit the production of 
oxygen free radicals and reduce cell damage [22,33]. 
There are also studies showing that the neuroprotec-
tive effect of crocin is to reduce the neuron damage 
caused by oxidative stress by inhibiting the activity 
of peroxidase and enhancing the activity of super-
oxide dismutase. In addition, in the serum-induced 
model of PC12 cell death, it was found that crocin 
can reduce the death of neurons and protect brain 
ischemia reperfusion injury by increasing glutathi-
one reductase, decreasing sphingomyelinase activity 
and reducing the formation of ceramide [21].

Conclusions

In summary, this study demonstrated that crocin 
can protect neural populations after ischemia/reper-
fusion in MCAO/R model rats, and the mechanism of 
action may be related to the Notch1 signalling path-
way. The results of in vitro cell experiments indicate 
that crocin may promote cell proliferation, increase 
cell migration, inhibit cell apoptosis, and promote 
neural regeneration. Therefore, the molecular mech-
anism of the neuroprotective effect of crocin is to 
promote the proliferation and migration of neural 
stem cells by activating Notch1. At the same time, it 
can inhibit the release of inflammatory factors and 
reduce the apoptosis of nerve cells caused by ische-
mia and hypoxia.
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