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A b s t r a c t

Curcumin is an active ingredient isolated from the rhizomes of Curcuma longa Linn with remarkably non-toxic bio-
availability. This is an in vitro study. In this study, we explored the effects of curcumin on the proliferation, migration 
and neurogenesis of neural stem cells (NSCs). Primary NSCs were isolated from embryonic day 14 rats and then 
treated with curcumin and/or stromal derived factor-1 (SDF-1). NSCs showed an SDF-1-dependent proliferation and 
migration. Further results showed that curcumin and SDF-1 both promoted NSCs proliferation, migration and the 
formation of neurospheres. In addition, Curcumin up-regulated the expression of SDF-1 and promoted the formation 
of SDF-1/CXCR4 complex in NSCs. The western blot results showed that the phosphorylation levels of ERK, JNK, 
MAPK, NF-κB and Akt were up-regulated by curcumin. In contrast, the administration of CXCR4 inhibitor AMD3100 
could offset the effect of curcumin. These results suggested that curcumin promoted the NSCs proliferation, migra-
tion and formation of neurospheres via SDF-1/CXCR4 in NSCs.
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Introduction

Neural stem cells (NSCs) are precursor cells that 
produce neurons and strand cells, have the potential 
to differentiate into neurons, astrocytes, and oligo-
dendrocytes, and have the potential to be self-re-
newing and sufficient to provide a  large number 
of neural tissue cells [5]. Under normal conditions, 
NSCs remain dormant and can only be activated 
when stimulated by certain conditions. During cere-
bral ischemia, NSCs in the hippocampus, cerebral 
cortex and other regions begin to proliferate, further 
migrate, differentiate into neurons, establish new 
neural connections, replace damaged nerves and 
promote nerve repair in the ischemic region [21]. This 

suggests that endogenous NSCs have the ability to 
repair ischemic brain damage. However, the number 
of NSCs obtained through the activation of endog-
enous NSCs is small, and the activating factor that 
regulates the migration and differentiation of NSCs 
is insufficient, resulting in the failure to repair the 
neurological deficit itself [7]. Therefore, it is import-
ant to find a drug that effectively promotes the pro-
liferation, invasion and neurogenesis of NSCs.

The aggregation or overexpression of stromal 
derived factor-1 (SDF-1) in NSCs enhances the migra-
tion of NSCs to injury regions and maintains the 
stemness signature of NSCs [9,11]. There is evidence 
showing that the chemoattractant SDF-1 is capable 
of providing a protective effect against cerebral isch-
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emia-reperfusion injury-induced neuron damage by 
attracting chemokine (CXC motif) receptor 4 (CXCR4) 
expression in NSCs and promoting NSCs maturation 
[11]. Many studies have shown the neuronal protec-
tion, regeneration, and NSCs migration ability of the 
SDF-1/CXCR4 axis overexpression [3,27].

Curcumin (diferuloylmethane) is the active ingre-
dient isolated from the rhizomes of the tradition-
al herbal remedy Curcuma longa Linn (turmeric). 
Because of its remarkably non-toxic bioavailability 
to reduce cognitive deficits, scavenge free radicals 
and inhibit inflammation, curcumin has traditionally 
been used for the treatment of diseases associated 
with aging, neurodegeneration [6,8,20,24]. Curcumin 
has been reported to be capable of neuroprotective 
ability by preventing the neuronal apoptosis [14,29]. 
In addition, curcumin could promote the prolifera-
tion of embryonic neural progenitor cells (NPCs) and 
NSCs, neurogenesis in the hippocampus of adult 
rats and reducing free radicals. Thus, it has a good 
effect on cerebral injury, stroke or even Alzheimer’s 
disease [2,13,14,17,29]. However, the mechanism of 
curcumin on the neurogenesis of NSCs has been not 
clarified. In this study, we investigated the effects of 
curcumin on the proliferation, invasion and neuro-
genesis of NSCs, and further revealed that curcumin 
acts on the neurogenesis of NSCs mainly through 
SDF-1/CXCR4 axis.

Material and methods

Neural stem cells isolation, passage 
and culture conditions

Primary NSCs were isolated from the cortices of 
embryonic day 14 Sprague-Dawley rats as previously 
described [30]. In brief, rats were anesthetized using 
chloral hydrate (10%, 3  ml/kg body weight; Sigma- 
Aldrich; Merck KGaA, Darmstadt, Germany), cerebral 
cortexes were dissected and dissociated into sin-
gle-cell suspensions using surgical scissors. All animal 
experiments conformed to the guidelines of the Ani-
mal Ethics Committee of Zhejiang Chinese Medicine 
University Laboratory Animal Research Center.

Single cells were transferred into completed 
DMEM/F12 medium (Sigma-Aldrich; Merck KGaA) sup-
plemented with penicillin/streptomycin (100 U/ml),  
B27 (2%), epidermal growth factor (EGF, 10 ng/ml) 
or basic fibroblast growth factor (bFGF, 10 ng/ml; 
PeproTech, Rocky Hill, TX, USA) at 37°C with 5% CO2. 
NSCs were passaged with the density of 1.0 × 104 

cells/cm2. The 2nd to 4th passage NSCs were used 
in all experiments. For the formation of the neuro-
sphere, the 2nd passage NSCs were treated under 
the above conditions with half replaced medium 
every two days for 14 days. The number of neuro-
spheres in each condition was counted. For other 
cellular experiments, cell cultures were half replaced 
with fresh DMEM/F12 medium supplemented with 
above factors every two days.

Cell treatments

For curcumin treatment, NSCs of the 2nd to 4th 
passage were placed into 96-well plates (1.0 × 104 
cells/well) and treated with 1 μM curcumin (Sigma- 
Aldrich 08511, HPLC ≥ 98.0%; Merck KGaA) [1,19] for 
48 h. For the inhibition of CXCR4, 10 μM AMD3100 
(Sigma-Aldrich; Merck KGaA) [22] was supplemented 
into the cell cultures and incubated for another 8 h. 
For the treatment with SDF-1, the 2nd to 4th passage 
NSCs were placed into 96-well plates (1.0 × 104 cells/
well) and treated with SDF-1 at the final concentra-
tions of 0, 5, 25, and 50 ng/ml for 24, 48 and 72 h.  
All cells were maintained at 37°C in 5% CO2. Each 
experiment was performed in 3 replications.

Cell proliferation assay

Cell proliferation was detected using the MTT 
assay (Sigma-Aldrich; Merck KGaA). In brief, NSCs 
were seeded into 96-well plates with a final density 
of 1.0 × 105 cells/well for 48 h for confluence. Cell 
viability at 24, 48 and 72 h post treatments were 
detected in MTT solutions (RiboBio, Guangzhou, 
China) according to the manufacturer’s instruction. 
The optical density (OD450) was determined using 
a microplate spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Each experiment was 
performed in triplicate.

Transwell assay

The chemotactic response of NSCs to the chemo-
attractant SDF-1 was detected using the transwell 
assay. In brief, 1.0 × 105 cells were seeded into the 
upper chamber coated with Matrigel (BD Bioscienc-
es, San Diego, CA, USA) and incubated in complet-
ed DMEM/F12 supplemented with other factors as 
listed above. The lower chambers were filled with 
completed DMEM/F12 supplemented with SDF-1  
(0, 5, 25, and 50 ng/ml) and other factors for 24, 48 
and 72 h. After removing cells on the upper surface, 
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transwell filters were fixed with paraformaldehyde 
and stained with crystal violet (RiboBio, Guangzhou, 
China). The experiment was performed in triplicate. 
The invaded cells were captured using a Motic invert-
ed microscope (AE30; Motic, Hong-Kong, China) and 
the number of average invaded cells of 5 randomly 
selected fields was calculated.

Immunofluorescence assay

Immunofluorescence assay for the neurosphere 
was performed at 14 days post the formation of 
neurosphere. NSCs were fixed and the immunocyto-
chemically staining analysis for glial fibrillary acidic 
protein (GFAP, 1 : 200; Boster Biotechnology, Wuhan, 
China) and Nestin (1 : 50; eBiosciences, San Diego, CA, 
USA) was performed with primary incubation at 4°C 
overnight. The goat-anti-rabbit immunoglobulin G  
(IgG, 1 : 500, Boster Biotechnology) secondary anti-
body was used for further incubation. DAPI staining 
was performed for nuclear staining in dark at 4°C 
for 10 min. Immunofluorescence assay for the single 
cells was performed at 7 days post the differentia-
tion culture. Double-immunostaining was performed 
for the SDF-1 (1 : 200; Abcam, Cambridge, UK) and 
CXCR4 (1 : 150; Abcam) antibodies in NSCs single 
cells. A LSM710 laser scanning confocal microscope 
(Zeiss, Thornwood, NY, USA) was used for capturing 
the images of immunofluorescence assay.

Western blot analysis

Protein samples were isolated from the NSCs 
under different treatments using RIPA lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, China). 
A protein quantification kit (Thermo Fisher Scientif-
ic) was used for the protein quantification. 40 μg of 
samples from each experiment was separated onto 
the SDS-PAGE (10%; Shanghai Sangon Biotechnology 
Co., Ltd., Shanghai, China) at 120 V for 1.5 h, followed 
by transferring onto the PVDF membranes (Millipore, 
Bedford, MA, USA) at 300 mA for 15 min-2 h. PVDF 
membranes carrying protein fragments were blocked 
using 5% skim milk powder (RiboBio), incubated in 
solutions containing primary antibodies against total 
(t)/phosphorylated (p)-NF-κB (1 : 1000; Boster Bio-
technology), t/p-Akt (1 : 1000; Boster Biotechnology), 
t/p-JNK (1 : 1000; eBiosciences), t/p-MAPK (1 : 1500; 
eBiosciences), t/p-ERK1/2 (1 : 1000; Boster Biotech-
nology), CXCR4 (1 : 1500; eBiosciences) and β-actin  
(1 : 2000; Abcam) at 4°C overnight. HRP Goat anti-rab-

bit/mouse IgG secondary antibody (1 : 20,000; Boster 
Biotechnology) was used for the further incubation at 
37°C for 1 h. A Bio-5000 plate reader (MicroTek, USA) 
equipped with Image-Pro Plus 6.0 software were used 
for band intensity analysis.

Statistical analysis

At least three repeated experiments have been 
performed. The data were processed by SPSS 25.0 
statistical software. Two-tailed t-test and one-way 
ANOVA was applied in the analysis, in which *p < 0.05  
and **p < 0.01.

Results 
SDF-1 promotes NSCs proliferation  
and induces chemotaxis

We firstly detected the effect of chemokine SDF-1  
on NSCs proliferation. MTT assay showed that the 
administration of SDF-1 promoted the proliferation 
of NSCs in a  time- and dose-dependent manner  
(Fig. 1A). The viabilities of NSCs incubated with 5 to 
50 ng/ml SDF-1 were significantly higher than those 
of blank NSCs (p < 0.01), and the effect of promotion 
increased with the concentration of SDF-1. The trans- 
well assay with SDF-1 implied as much, suggesting 
that the chemokine SDF-1 is a chemoattractant for 
NSCs (Fig. 1B). The effect of chemotaxis increased 
with the time and concentration of SDF-1. Accord-
ingly, we selected the 50 ng/ml concentration for 
further cellular experiments.

Co-location of the CXCR4 and SDF-1  
in NSCs

We carried out co-immunofluorescence assay of 
CXCR4 and SDF-1 on NSCs and confirmed that CXCR4 
and SDF-1 were co-expressed in NSCs (Fig. 2). Both 
CXCR4 and SDF-1 expressions were simultaneously 
enhanced by curcumin or/and SDF-1. AMD3100 is 
a specific antagonist to the SDF-1/CXCR4 axis [18]. 
The administration of AMD3100 eliminated curcum-
in and SDF-1 enhanced expression of CXCR4 and 
SDF-1 in NSCs. These data suggested the formation 
of SDF-1 in complex with CXCR4 in NSCs.

Curcumin and SDF-1 promote astrocyte 
differentiation

It has been reported that nestin is a marker of 
multipotent NSCs and GFAP is a class of III interme-
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diate filament protein that is highly expressed in 
the central nervous system (CNS) [15,32]. Immuno-
fluorescence assay revealed that the expression of 
GFAP in NSCs showed a similar trend with cell prolif-
eration and invasion assay (Fig. 3). GFAP expression 
was enhanced by curcumin or/and SDF-1, but reced-
ed by AMD3100. These data revealed that CXCR4 
may be involved in regulation of the proliferation 
of NSCs mediated by curcumin and SDF-1. Howev-
er, nestin expression exhibited an inverse trend to 
GFAP, as receded by curcumin or/and SDF-1. This 

result showed that the administration of curcumin 
or/and SDF-1 promoted the differentiation of NSCs 
into astrocytes.

Curcumin and SDF-1 promote NSCs cell 
proliferation via activation of CXCR4

To investigate the association of CXCR4 with cur-
cumin and SDF-1-mediated NSCs proliferation, we then 
treated NSCs cell with multiple factors. We observed 
that the curcumin or/and SDF-1 obviously promot-
ed NSCs cell proliferation (p < 0.01, Fig. 4A), forma-

Fig. 1. Cell proliferation and chemotaxis assay. A) The cell proliferation analysis by MTT assay. B) The SDF-1 
chemotaxis in NSCs. The error bars are presented as mean ± SD, **p < 0.01.
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tion of neurospheres (p < 0.01, Fig. 4B), and invasion  
(p < 0.01, Fig. 4C). However, the blocking of CXCR4 acti-
vation using AMD3100 eliminated the above changes 
induced by curcumin and chemokine SDF-1 to compa-
rable levels with control cells (NSCs, p > 0.05, Fig. 4). 

Curcumin activates NF-κB, Akt, JNK, 
MAPK and ERK signalling pathway 
through SDF-1/CXCR4 axis

Since the SDF-1/CXCR4 complex could promote 
the NSCs proliferation, invasion and the formation 
of neurospheres, we examined the expression of 
the cell proliferation-related signalling pathway. The 
results of western blot showed that the expression 

of CXCR4 and the phosphorylation levels of NF-κB, 
Akt, JNK, MAPK, and ERK1/2 were significantly 
up-regulated by the administration of curcumin and 
SDF-1 in NSCs (Fig. 5). The inhibition of CXCR4 by 
AMD3100 administration reversed curcumin or/and 
SDF-1-mediated changes in NSCs. The results sug-
gested that curcumin may regulate NF-κB, Akt, JNK, 
MAPK and ERK signal pathways to induce the prolif-
eration of NSCs through the SDF-1/CXCR4 axis.

Discussion

Our present study demonstrated that the curcum-
in treatments promoted the proliferation, migration 
and differentiation of NSCs via up-regulating SDF-1/ 

Fig. 2. Co-expression of SDF-1 and CXCR4 in NSCs. Green and red colour indicates CXCR4 and SDF-1 expres-
sion, respectively. SDF-1 and CXCR4 were simultaneously enhanced by curcumin or/and SDF-1.
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Fig. 3. Immunofluorescence assay for NSCs. Green and red colour indicates nestin and GFAP expression, 
respectively. The nuclei are stained with DAPI (blue).
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CXCR4 axis. Our results showed that SDF-1 single 
treatment promoted the NSCs proliferation, invasion 
and the formation of neurospheres via the activa-
tion of CXCR4, JNK, ERK1/2, Akt, MAPK and NF-κB. 
Curcumin treatment implied as much. The admin-
istration of CXCR4 antagonist AMD3100 restrained 
all changes. These findings were basically consistent 
with the results from Kim et al. who showed that 
curcumin induced proliferation of NPCs and NSCs via 
activation of ERK1/2 and p38 MAPK [14].

Neurogenesis is a  developmental process that 
involves the proliferation, migration and differentia-
tion of neuroblasts and the synaptic integrations of 
newborn neurons. The contribution of SDF-1/CXCR4 
signalling to brain development and neurogene-

sis has been widely reported [9,11,27]. Itoh et al.  
showed that chemoattractant SDF-1 migration 
recruited the overexpression of CXCR4 [11]. Our 
present study showed the chemotaxis of NSCs in 
culture to the chemoattractant SDF-1, the co-local-
ization of SDF-1 with CXCR4, and the similar expres-
sion trends of SDF-1/CXCR4 complex in NSCs. Our 
data proved that curcumin promoted the expression 
of SDF-1 and CXCR4 and complex of SDF-1 with 
CXCR4. The administration of AMD3100 into cur-
cumin-treated NSCs restrained curcumin-induced 
NSC proliferation, SDF-1/CXCR4 expression and the 
downstream signalling proteins including phosphor-
ylated ERK, NF-κB, Akt, JNK and MAPK. These results 
demonstrated that SDF-1/CXCR4 signalling was 

Fig. 4. Effect of curcumin and SDF-1 on NSCs cell proliferation, neurosphere formation and invasion. A) The 
cell proliferation analysis by MTT assay. B) The formation of NSCs neurospheres. C) The in vitro transwell 
invasion assay. At least three repeats were carried out, and the mean ± SD is presented, **p < 0.01.
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necessary for curcumin-mediated NSC proliferation 
and invasion. Our findings were inconsistent with 
the previously reported fact in tumours that curcum-
in-mediated anti-tumour effect is related to its asso-
ciation with SDF-1/CXCR4 [25,26].

Previous studies of SDF-1/CXCR4 have proven 
that it is capable of regulating multiple cells sig-
nalling proteins like ERK, Akt, Wnt, MAPK, and JNK 
[16,23,31]. In the in vivo Alzheimer’s disease ani-
mal experiments performed by Tiwari et al. [28], 
curcumin nanoparticles increased NSCs prolifera-
tion, neurogenesis and neuronal differentiation by 
activating the Wnt/β-catenin pathway. These path-
ways play crucial roles in regulating inflammatory 
[33], promoting migration and survival [4,10], and 
maintaining differentiation [12] in NSCs. Cui et al. 
demonstrated that the sulfated polysaccharide iso-
lated from the Stichopus japonicus promoted SDF-1/
CXCR4 axis-induced migration in NSCs via activating 
the EGF, Akt, ERK, MAPK and NF-κB [4], which was 
consistent with our findings.

In conclusion, our present study found that SDF-1 
and curcumin significantly promoted the NSCs pro-
liferation, invasion, formation of neurospheres, and 
expression of SDF-1/CXCR4 in NSCs. SDF-1 and cur-
cumin-mediated NSCs proliferation and neurogene-
sis in culture was mediated by the activation of mul-
tiple cells signalling proteins including JNK, ERK1/2, 
Akt, MAPK and NF-κB. Our findings might provide 
more and novel information on curcumin-mediated 
neuroprotection and neurogenesis.
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