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The effect of curcumin on the differentiation, apoptosis
and cell cycle of neural stem cells is mediated through
inhibiting autophagy by the modulation of Atg7 and p62
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Abstract. Curcumin is an orange-yellow colored, lipo-
philic polyphenol substance derived from the rhizome of
Curcuma longa that is widely used in many countries.
Curcumin has many reported functions, including antioxidant
and anti-inflammatory effects. Autophagy removes damaged
organelles and protein aggregates in the cell. However, whether
curcumin mediates its effects on neural stem cell (NSC)
differentiation, cell cycle and apoptosis through autophagy
is unknown. In the present study, the effects of curcumin
and 3-methyladenine (3MA; an autophagy inhibitor, as a
positive control) on the autophagy, differentiation, cell cycle
progression and apoptosis of NSCs in different culture states
were examined. In order to confirm the role of autophagy
in these processes of NSC behavioral change, the protein
expression level changes of markers of autophagy, such as
autophagy-related protein 7 (Atg7), light chain (LC)3 and p62,
were assessed. When NSCs were in an adherent state, 10 uM
curcumin inhibited their differentiation into GFAP* astrocytes
or DCX* immature neurons, while Atg7 and p62 protein
expression were also reduced compared with the untreated
control group. When NSCs were in a suspended state, 10 uM
curcumin inhibited the cell cycle progression and apoptosis of
NSCs as determined by western blotting, which was associated
with a decreased autophagic flux and Atg7 expression. In addi-
tion, the curcumin-treated group trended in a similar direction
to the 3M A-treated group. Thus, the data suggest that curcumin
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can inhibit differentiation, promote cell survival and inhibit
cell cycle progression from G, to S in NSCs, and that these
effects are mediated through the regulation of Atg7 and p62.

Introduction

Curcumin (diferuloylmethane) is a natural product derived
from the rhizome of Curcuma longa. Curcumin is one of
the most common ingredients in Asian cuisine. Curcumin
also has been found to have many potent effects, including
anti-oxidative stress, anti-inflammatory, anti-proliferative,
anticancer and neuroprotective properties (1-3). It was previ-
ously observed that curcumin enhanced the neurogenesis
of neural progenitor cells by decreasing histone H3 and H4
acetylation (4) as well as stimulating developmental and
adult hippocampal neurogenesis through the activation of
ERK and p38 kinase (4,5). However, whether the effect of
curcumin on NSCs is associated with autophagy has yet to
be determined.

Autophagy is a highly regulated sequential process that
delivers cytoplasmic macromolecules and damaged organelles
to lysosomes for degradation, including mitochondria, endo-
plasmic reticulum, peroxisomes and misfolded proteins (6,7).
Autophagy contributes to cell growth, cell development and
cell homeostasis in normal conditions (7). Autophagic flux may
be stimulated by multiple forms of cellular stress, including
nutrient deprivation, energy limitations, hypoxia, toxins,
radiation, DNA damage and intracellular pathogens (8,9).

In recent years, increasing evidence has supported that
autophagy has a beneficial role in neurodegenerative disorders,
including Huntington's, Alzheimer's, Parkinson's and amyo-
trophic lateral sclerosis (7,10,11). However, other evidence
has indicated that excessive autophagy could contribute to
neuronal death in cerebral ischemia (7,12-14). Furthermore,
autophagy is also associated with cell aging, survival and
proliferation (15-17).

In the present study, it was identified that curcumin actively
suppressed the differentiation of NSCs into astrocytes and
immature neurons while they were in adherent culture, and
suppressed cell cycle progression and apoptosis in NSCs in
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suspension. Furthermore, transmission electron microscopy
(TEM) revealed that the cytoplasm of the NSCs displayed
autophagosomes following treatment with curcumin. Finally,
it was identified that curcumin affected autophagy by inducing
a decrease in autophagy-related gene (Atg)7 and p62 protein
expression in NSCs in different culture states.

Materials and methods

Preparation of NSCs. NSCs were prepared from pregnant
female Sprague-Dawley rats supplied by the Animal Breeding
Center of Chinese Academy of Sciences (Shanghai, China)
according to the method previously established by our
group (18,19). All animal-related procedures were approved by
the Institutional Animal Care and Use Committee of Wenzhou
Medical University (Wenzhou, China), and were conducted in
accordance with the university's guidelines.

Briefly, embryonic cerebral cortices were collected and
dissected from embryonic day 14.5 (n=8; E14.5) rats. The cells
were isolated by mechanical pipetting with a fire-polished
Pasteur pipette. The suspension was filtered through a 70-ym
nylon mesh, seeded into a T25 Corning tissue culture flask
(Corning Incorporated, Corning, NY, USA) at a density
of 103 cells/ml and incubated at 37°C in a humidified, 5%
CO, atmosphere. The culture medium was composed of
DMEM/F12, B27, N2 (all Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), 100X Penicillin-Streptomycin
Solution (Beyotime Institute of Biotechnology, Haimen
China), heparin (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), HEPES and glutamine, with 20 ng/ml epidermal
growth factor (EGF) and 20 ng/ml basic fibroblast growth
factor (bFGF; Gibco; Thermo Fisher Scientific, Inc.) added,
which is henceforth described as proliferation medium. At
day 5, neurospheres were collected and passaged. Passage 2
NSCs were used for the subsequent assays.

To induce the differentiation of NSCs, dissociated cells in
a single-cell suspension were seeded onto poly-L-lysine (cat.
no. P-2636; Sigma-Aldrich; Merck KGaA) coated coverslips in
a 24-well plate at a density of 5x10*coverslip. Differentiation
medium contained 1% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) without EGF or bFGF. The
cultures were allowed to differentiate for 6 days prior to being
fixed for immunostaining.

The adherent and suspension cultures of NSCs were
incubated in differentiation medium or proliferation medium,
respectively, for 72 h prior to the preparation of protein extracts
for western blotting. The medium was changed every 48 h.

Antibodies and reagents. Glial fibrillary acidic protein
(GFAP) was detected by chicken polyclonal anti-GFAP (cat.
no. AB5541; Merck KGaA). Other antibodies were as follows:
Rabbit polyclonal anti-light chain (LC)3B (cat. no. 2775), rabbit
monoclonal anti-Atg7 (D12B11; cat. no. 8558), anti-cyclin
dependent kinase (CDK)2 (78B2; cat. no. 2546; Cell Signaling
Technology, Inc.) and anti-p62 (cat. no. PO067), mouse mono-
clonal anti-nestin (cat. no. N5413) (both Sigma-Aldrich; Merck
KGaA), anti-pIII-tubulin (cat. no. AB15708; Merck KGaA),
anti-O4 (cat.no. O7139; Sigma-Aldrich; Merck KGaA),
anti-B-actin (cat. no. sc-47778; Santa Cruz Biotechnology,
Inc.), anti-tubulin BIIT (cat. no. MAB1637; Merck KGaA),
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anti-doublecortin (DCX; cat. no. ab2253) and anti-caspase-3
antibody (cat. no. 9662; Cell Signaling Technology, Inc.).
Curcumin (cat. no. C1386-5G) and monodansylcadaverine
(MDC) were purchased from Sigma-Aldrich; Merck KGaA
(cat. no. D4008-100MG). 3-Methyladenine (3MA, an inhibitor
of phosphatidylinositol 3-kinases and autophagosome forma-
tion; cat. no. s2767) was purchased from Selleck Chemicals
(Shanghai, China).

Drug treatment. Curcumin, MDC and 3MA stocks of 1 mg/ml
were prepared in dimethylsulfoxide (DMSO) and stored at
-20°C, in the dark. Subsequent to passaging, NSCs were treated
with 10 yM curcumin or 10 xM 3MA for 72 h by adding the
stock solutions to the medium. Then, they were fixed in 4%
paraformaldehyde for 15 min, and processed for immunos-
taining as subsequently described. The 3MA group was used
as a positive control.

Determination of cell viability. Cell viability was deter-
mined by a water-soluble tetrazolium salts (WST-1 Cell
Proliferation and Cytotoxicity Assay kit; Beyotime Institute
of Biotechnology) assay (20). Neural stem cells in suspension
were seeded at a density of 2x10* cells/well into a 96-well
plate. Following treatment with curcumin for 72 h, WST-1 was
added to each well and incubated for 2 h at 37°C. The optical
density was measured at 450 nm using a microplate reader.
The data were presented as the mean from four independent
experiments in quadruplicate.

Immunocytochemistry assay. Immunofluorescence was used
to characterize the differentiation of NSCs in vitro, as described
previously (18,19). Briefly, cells on poly-L-lysine coated cover-
slips were fixed with 4% paraformaldehyde for 10 min at room
temperature (RT), washed and stored in 0.01 mol/I PBS (pH 7.4).
The sections of neurospheres or cell culture were blocked in
10% goat serum (cat. no. S26-100 ML; Merck KGaA) in PBS
(for O4) or 0.3% Triton X-100-containing 10% goat serum in
PBS (for GFAP, pIII-tubulin and nestin) for 1 h at RT, and
incubated with the following primary antibodies overnight at
4°C: Monoclonal mouse antibodies against nestin (dilution,
1:800) for NSCs, pIII-tubulin (dilution, 1:400) for neurons,
GFAP (dilution, 1:500) for astrocytes and O4 (dilution, 1:100)
for oligodendrocytes. After washing three times with PBS,
the cultures were incubated with rhodamine-conjugated goat
anti-mouse or DyLight 488 (cat. no. 611-545-215) or 594-conju-
gated goat anti-rabbit antibodies (cat. no. 111-005-047)
(dilution, 1:150; Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA) for 1 h at 37°C and washed three times
with PBS. Subsequently, the cells were incubated with Hoechst
33258 (Beyotime Institute of Biotechnology) for 3 min at RT
to stain the nuclei. Finally, the coverslips were mounted onto
slides in 70% glycerol. Stained sections were observed and
scanned under a fluorescence microscope (Olympus BX53;
Olympus Corporation, Tokyo, Japan).

MDC staining. Neural stem cells were seeded on slides. Cells
were incubated and treated with curcumin or 3MA for 72 h in
proliferation medium, finally incubated with 0.05 mM MDC for
1 h at 37°C, and then washed four times with PBS (pH 7.4) (21).
Cells were immediately visualized with a fluorescence



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 42: 2481-2488, 2018

microscope (Olympus BX53; Olympus Corporation). The fluo-
rescence intensity values of all groups were digitally quantified
using ImageJ image analyzer software (version 1.45; National
Institutes of Health, Bethesda, MD, USA).

Transmission electron microscopy (TEM). NSCs were seeded
in 100-mm dishes. Cells were incubated and treated with
curcumin or 3MA for 72 h in the proliferation medium. At
the end of incubation, cell monolayers were washed with PBS
and scraped gently with a plastic cell scraper. The harvested
cells were pelleted by centrifugation at 13,000 x g for 10 min,
and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde
in cacodylate buffer. After rinsing with cacodylate buffer, the
samples were post-fixed in 2% osmium tetroxide for 1 h. The
samples were rinsed with water and dehydrated in a graded
alcohol series (50, 75, 80 and 100%). The samples were then
embedded in epoxy resin. Representative areas were chosen
for ultra-thin sectioning, and viewed with a Hitachi 7000
STEM transmission electron microscope (Hitachi, Ltd.,
Tokyo, Japan) (6).

Western blot analysis. Cells were plated at a density of
1x106 cells per 100-mm culture dish and treated with
curcumin or 3MA as previously described. Cells were washed
twice with PBS and lysed in RIPA buffer (50 mM Tris-HCI,
150 mM NaCl, 1.0 mM Na;VO,, 1 mM EDTA, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 100 pg/ml phenylmeth-
ylsulfonyl fluoride, 30 pl/ml aprotinin and 4 ug/ml leupeptin,
pH 7.5). Lysates were centrifuged and the supernatants diluted
in sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10%
glycerol, 50 mM DTT and 0.1% bromophenol blue), then
boiled for 5 min. Equal amounts of protein were resolved on
12% SDS-PAGE and transferred to polyvinylidene fluoride
membranes. The membranes were blocked at RT for 1 h in
5% (w/v) dry skim milk in TBS plus 0.1% Tween-20 (TBST),
rinsed in TBST and incubated with primary antibodies at 4°C
overnight. The primary antibodies used were mouse antibodies
specific for B-actin, BIII-tubulin, GFAP, caspase-3 DCX, p62,
Atg7, LC3B and CDK2 (all dilution, 1:1,000). After rinsing,
blots were incubated in TBST with peroxidase-conjugated
secondary antibodies at RT for 1 h. The secondary antibodies
used included goat anti-mouse IgG and goat anti-rabbit IgG
(both dilution, 1:1,000). The peroxidase reaction was visual-
ized with an enhanced chemiluminescence reagent. Films
were digitized and densitometry was performed using ImageJ
software.

Statistical analysis. Data were analyzed by one-way analysis
of variance followed by Dunnett's post hoc test to determine
whether there were significant differences between individual
groups. All test assumptions regarding distribution and vari-
ance were met for each data set. All analyses were based on
biological replicates (n=3) from the same independent experi-
ment, not technical replicates or combined experiments. P<0.05
was considered to represent a statistically significant difference.

Results

NSCs can be successfully isolated while retaining their
differentiation ability. The in vitro cells proliferated to form
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Figure 1. Growth and fate of newly differentiated NSCs in vitro. (A) NSC
neurospheres. (B) Neurospheres or (C) single NSCs in growth medium
supplemented with 20 ng/ml EGF and bFGF, expressing Nestin. With 1%
fetal bovine serum instead of EGF and bFGF, NSCs differentiated into
(D) pII-tubulin* neurons, (E) GFAP* astrocytes and (F) O4* oligodendro-
cytes. Scale bar, 50 ym. NSC, neural stem cells; EGF, epidermal growth
factor; bFGF, basic fibroblast growth factor.

neurospheres, which were observed under an inverted micro-
scope (Fig. 1A). As nestin is a marker of NSCs (19), the nestin*
neurospheres and dissociated single cells were observed with
immunofluorescence (Fig. 1B and C).

To ascertain the differentiation ability of the NSCs, the
NSCS were subjected to differentiating media for 5 days, after
which they were immunolabeled for neurons (BIII-tubulin®;
Fig. 1D), astrocytes (GFAP*; Fig. 1E) and oligodendrocytes
(04*; Fig. 1F). Thus, it was verified that the extracted NSCs
could proliferate, self-renew and differentiate into the three
major neural lineages.

Curcumin (10 uM) enhances NSC viability. In order to
investigate the effect of different curcumin concentrations on
NSCs in vitro, cell viability was determined by a WST-1 assay.
NSCs were treated with 0, 5, 10, 20 and 50 yM curcumin.
At 72 h, the viability of NSCs treated with 10 #M curcumin
was significantly different compared with NSCs treated with
0 uM (P<0.05; Fig. 2), while differences among the 0, 5, 20
and 50 M groups were all non-significant (P>0.05; Fig. 2).
These results demonstrate that a 10-uM dose of curcumin can
promote the proliferation of NSCs in vitro. Thus, a dose of
10 #M curcumin was selected for the following studies.

Curcumin inhibits the differentiation of adherent NSCs by
decreasing Atg7 and p62 expression. It was investigated
whether treating with curcumin would result in changes in
cell differentiation using immunocytochemistry and western
blot analyses. After 3 days culture in differentiation medium,
treatment with curcumin evidently decreased the number of
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Figure 2. Effect of curcumin on NSC viability and cytotoxicity. At 72 h,
10 M curcumin increased the viability of NSCs in vitro. "P<0.05 vs. 0 uM.
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Figure 3. Effect of curcumin treatment on the differentiation of NSCs in
adherent state. NSCs were treated as indicated for 72 h. Cells were stained
with immunofluorescence and visualized by fluorescence microscopy,
including (A) control, (B) curcumin and (C) 3MA-treated cells. (D) Cells
were lysed and used for western blot analysis. -actin was used as the loading
control. The relative level of protein was quantified by ImageJ. The experi-
ments were repeated three times. NSC, neural stem cells.

NSCs differentiating into GFAP* astrocytes (Fig. 3A-D) and
DCX* immature neurons compared with in the control group.
However, BIII-tubulin* expression could not be detected in all
groups (Fig. 3D). The result of curcumin treatment was similar
to that of 3MA treatment.

To further validate the role of autophagy in the effect
of curcumin on NSC differentiation, changes in the expres-
sion of autophagy markers, including LC3, Atg7 and p62,
were determined (Fig. 3D). LC3, is an essential component
of autophagosomes widely used as autophagy marker. The
degree of conversion of cytosolic LC3I to membrane bound
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Figure 4. Effect of curcumin treatment on the cell cycle and apoptosis of
NSCs in suspended state. NSCs were treated with control, curcumin and
3MA for 72 h. B-actin was used as the loading control. The relative level of
protein was quantified by ImageJ. Experiments were repeated three times.
NSC, neural stem cells; 3MA, 3-methyladenine.

LC3II indicates the level of autophagic activity (6). It was
identified that the total LC3 (16 kDa) in the curcumin and
3MA groups was lower than in the control group. In addition,
the LC3II isoform was not detected in any of the groups. As
total LC3 is not a good marker for autophagy (22), it was not
possible to ascertain whether NSC differentiation was associ-
ated with LC3. Another approach is to detect the Atg7 and
p62 expression levels. Atg7 is essential for the early elonga-
tion and closure of the autophagosomal membrane (9,23). The
level of p62 degradation is used to detect autophagic flux (24);
p62 accumulates when autophagy is inhibited, and decreased
levels are observed when autophagy is induced (25). Therefore,
the reduction in the number of GFAP* astrocytes and DCX*
immature neurons may be due to differences in the protein
levels of Atg7 and p62.

Following exposure to 3MA or curcumin, Atg7 and p62
levels were much lower than in the untreated control group
(Fig. 3D). 3MA is a known inhibitor of type III phosphati-
dylinositol 3-kinase (PI3K) and autophagy induction. Thus,
the results preliminarily indicated that curcumin may have
inhibited the differentiation of NSCs through PI3K inhibi-
tion (26,27) or decreasing the protein levels of Atg7 and p62.

Curcumin inhibits the cell cycle progression and apoptosis
of suspended NSCs by decreasing Atg7 and increasing p62.
The effect of treatment with curcumin on the cell cycle and
apoptosis of NSCs was then considered. As NSCs also express
GFAP (28), there was no change in the expression of GFAP
protein between the three groups (Fig. 4).

CDK2 is a marker of the cell cycle required during
S phase (29), and caspase-3 is a critical executioner of apop-
tosis. The results suggested that curcumin or 3MA could
markedly decrease the protein level of these two markers
compared with untreated cells (Fig. 4). Additionally, the
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Figure 5. MDC-labeled AVOs occur in curcumin- and 3MA treated NSCs. Characterization of the MDC-labeled vacuoles. NSCs were seeded on slides. Cells
were incubated in proliferation medium and (A) left untreated or treated with 10 M (B) curcumin or (C) 3MA for 72 h, and then stained with 0.05 mM MDC.
(D) Cells were mounted and analyzed by fluorescence microscopy. The fluorescence intensity values (OD value) of all groups were digitally quantified .using
Imagel. The results are presented as the mean + standard deviation (n=3). Scale bar, 25 gm. "P<0.05 compared with control. MDC, monodansylcadaverine;

AVO, autophagic vacuoles; 3MA, 3-methyladenine; NSC, neural stem cells.

changes in the expression of autophagy markers in suspended
NSCs was assessed. As identified through western blot anal-
ysis, LC3I and II protein levels were unchanged between the
three groups. However, Atg7 protein levels were much lower
following treatment with curcumin or 3MA compared with the
control group. The level of p62 protein was slightly increased
in the curcumin and 3MA treatment groups compared with the
control group (Fig. 4). Taken together, these findings indicate
that curcumin can affect the progression of NSCs from G, to S
phase, and prevent their apoptosis. Furthermore, they suggest
that increased autophagic flux and decreased Atg7 expression
are involved in the process of NSC S-phase arrest and reduced
apoptosis.

Autophagic vacuoles (AVOs) decreased in curcumin-treated
NSCs. MDC is a specific marker for autolysosomes and
AVOs, which appear as spherical structures in the cytoplasm
and the perinuclear region (30). Thus, the MDC staining of
AVOs was used to assess the extent of autophagy in the cells.
Large dots indicative of AVOs appeared in the cytoplasm
of NSCs in the control group (Fig. 5A). The fluorescence
intensity of MDC in NSCs significantly decreased in the
curcumin- or 3MA-treated groups compared with the control
group (P<0.05; Fig. 5B-D).

TEM demonstrated autophagosome formation in
curcumin-treated NSCs. In order to study the ultrastructural
changes of NSCs treated with curcumin or 3MA, TEM was
performed to identify AVOs, as previously described (31).
AVOs containing extensively degraded organelles, including
mitochondria and endoplasmic reticulum, were detected in
the cytoplasm of NSCs (Fig. 6A). In contrast, NSCs treated
with curcumin or 3MA had relatively few autophagosomes
in the cytoplasm (Fig. 6B and C). These results suggest that
curcumin treatment affected autophagy initiation in NSCs.

Discussion

Curcumin has been used for many centuries as a traditional
agent in treating inflammatory diseases and other ailments.
Curcumin is reported to contribute to the proliferation
and neurogenesis of NSCs (5). Additionally, curcumin can
promote the differentiation of glioma-initiating cells by
inducing autophagy (32) and induce glioma stem-like cell
formation (33). However, the role and mechanism of curcumin
in NSCs remains to be characterized. In the present study,
curcumin treatment prevented the differentiation of NSCs in
the adherent state via a reduction in p62 expression. Curcumin
treatment impeded cell cycle progression and reduced the
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Figure 6. Ultrastructural features of autophagy in NSCs treated with
curcumin or 3MA for 72 h. (A) Negative control (untreated) cells; (B) NSCs
treated with 10 uM curcumin; (C) NSCs treated with 10 uM 3MA, as a
positive control. The autophagic vacuoles are indicated by arrowheads.
Scale bar, 0.2 #M; magnification, x30,000. NSC, neural stem cells; 3MA,
3-methyladenine.

rate of apoptosis by decreasing the Atg7 protein level and
increasing the autophagic flux of p62. Taken together, these
data strongly suggest that curcumin inhibits the differentia-
tion and cell cycle of NSCs by adjusting Atg7 and p62 protein
levels. It thus appears that the outcomes of curcumin treatment
may differ depending on the conditions of culture.

In the present study, the effect of curcumin on the survival
of NSCs in vitro was assessed using the WST method. The
viability of NSCs was higher following treatment with 10 M
curcumin compared with the control group. No cytotoxicity
was observed following treatment with 10 or 20 M curcumin.
Additionally, the caspase-3 protein level decreased in
suspended NSCs treated with curcumin as detected by western
blotting. Caspase-3 is activated in apoptotic cells. Therefore,
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the data showed that curcumin may prevent apoptosis and
promote NSC survival.

However, CDK?2, a regulator of cell cycle progression from
G, to S phase, was also reduced in suspended NSCs. This is not
contrary to the WST results, as cellular proliferation may be
not associated with CDK?2 (34-36). Autophagy exerts a major
influence on the G, and S phases of the cell cycle (37). For
example, a previous study has indicated that Atg7 is required
for the p53-dependent expression of p21CDKNI1A and the cell
cycle arrest of mouse embryonic fibroblasts starved of serum
and amino acids (38). However, another study reported that
the knockdown of Atg7 specifically increased p27 protein
abundance; p27 is a CDK inhibitor that prevents cell prolifera-
tion (39). These two studies suggest opposing roles for Atg7
in the cell cycle. Accordingly, we hypothesize that curcumin
promotes NSC survival through reducing Atg7 to decrease the
expression of CDK inhibitors.

Five CDKs active in the cell cycle have been identified so
far, including during G, (CDK4, 6 and 2), S (CDK?2), G, and
M (CDK1). The present study has demonstrated that curcumin
treatment may inhibit G,-to-S progression by downregulating
CDK2. However, whether other factors affecting the cell
cycle, including CDK1, 4 and 6, and CDK inhibitors, are
also involved in the effect of curcumin on the NSC cell cycle
is unclear. Further research in this area is required to fully
understand the mechanisms of the effect.

Accumulating data have confirmed that the association
between autophagy and apoptosis is complex. Caspases can
cleave various autophagy-related proteins, and the cleaved
fragments generated have different functional activities and
cellular localization (40). Caspase-8 contributes to the cleavage
of Atg3, preventing its pro-autophagic activity (41), whereas
caspase-9 can interact with Atg7 to facilitate autophagy (42).
A recent study has also indicated that caspase-3 has both anti-
and pro-autophagic effects (43). The knockdown of Atgl2
leads to a marked inhibition in caspase activity, including
that of caspase-3 (44). The present study revealed that
curcumin could decrease Atg7 protein level and downregulate
caspase-3 expression, indicating that a decrease in Atg7 may
have led to the inhibition of caspase-3, potentially impairing
Atg7-mediated autophagosome formation. These data are in
line with a previous study (42). It was hypothesized that an
increase in p62 level may decrease the sensitivity of NSCs to
caspase-3.

A previous study identified that the inhibition of
autophagy through the deletion of Atg5, Atgl6L1 or Atg7 did
not impair the maintenance and differentiation of postnatal
NSCs, whereas p62 accumulation promoted the apoptosis
of autophagy-deficient NSCs by increasing the superoxide
concentration (45). In the present study, it was shown that
curcumin treatment prevented the differentiation of NSCs
into astrocytes or immature neurons accompanied by a
reduction in the Atg7 and p62 protein levels. Therefore, we
hypothesize that Atg7 or p62 may be involved in the effect on
NSC differentiation mediated by curcumin. p62 expression
can prevent oxidative stress (46,47) and be used to detect the
state of reactive oxygen species buffering systems (48). On
the other hand, H,0O, exposure can increase the neurogenesis
and oligodendrogenesis of NSCs (49), and curcumin has
anti-oxidative effects (50); thus, it was hypothesized that the
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oxidative stress and p62 protein expression decrease induced
by curcumin treatment may result in the dysfunction of NSC
differentiation.

Consistent with previous research (9), for NSCs in a
suspended culture state, the levels of p62 increased, whereas
the Atg7 levels decreased, compared with untreated control
cells. An increase in LC3-II is not a measure of autophagic
flux per se, since it can also indicate the inhibition of autopha-
gosome clearance (51). However, there were no differences in
LC3-II expression among the control and the curcumin- and
3MA-treated groups. Thus, the results demonstrated that
curcumin could enhance the autophagic flux of p62 and
suppress the Atg7 protein level in suspended NSCs.

The MDC-labeled vesicles were also assessed in the groups.
A previous study has indicated that MDC-labeled vesicles are
not exclusively autolysosomes, and that MDC labels any acidic
compartment (21). In addition, MDC dots can still be detected
in Atg5” mouse embryonic stem cells (52). Therefore, TEM
was also applied; the TEM results were consistent with the
MDC-labeling.

It was previously identified that NSC dynamics can be
modulated by different ion channels, such as K*, Na*, CI*
and TRP channels (53). Moreover, curcumin also affects the
functions of these channels (54,55). Thus, curcumin may also
affect NSC differentiation, proliferation and apoptosis through
an effect on these channels.

In summary, to the best of our knowledge, it was
demonstrated for the first time that curcumin inhibited the
differentiation, cell cycle progression and apoptosis of NSCs
through modulating the expression of Atg7 and p62 in vitro.
However, the results also suggest that effect of curcumin
may be dependent on the cell culture state. p62, a marker of
autophagic flux, was evidently decreased in adherent NSCs
and increased in suspended NSCs. 3MA, used as a positive
control as an inhibitor of autophagy, induced similar effects
to curcumin. Thus, we hypothesize that curcumin may also
affect PI3K in NSCs. However, the results of the present study
were preliminary; it is not yet possible to be certain whether
Atg7 modulation mediated the effects of curcumin interven-
tion. Employing gene overexpression and knockdown would
further demonstrate the roles of Atg7 and p62 in the effects
of curcumin treatment. Furthermore, the connections between
Atg7 and p53 in the effect of curcumin on NSCs will need to
be considered in the future.
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