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Abstract: The protective effect of zoanthamine on Alzheimer’s disease by enhancing differentiation of neural stem
cells (NSCs) was evaluated. NSCs were isolated from C57BL/6 mice and assessed by cell viability and apoptosis
assays. The cells were separated into five different groups: green fluorescent protein (GFP; transfected with GFP),
amyloid precursor protein (APP; transfected with APP), APP + zoanthamine, APP + miR-9 inhibitor, and APP + miR-
9 inhibitor + zoanthamine. The effects of zoanthamine on the differentiation of NSCs was determined. Moreover,
the effects of zoanthamine on the expression of miR-9 and Notch signalling pathway members was assessed by
western blot analysis and reverse-transcription polymerase chain reaction. There was a significant increase in cell
viability and a decrease in apoptosis of NSCs in the APP + zoanthamine group compared with the APP group.
Treatment with zoanthamine attenuated miR-9 expression and neuronal cell differentiation in APP-treated NSCs.
Moreover, in the APP + miR-9 inhibitor group, neuronal cell differentiation and miR-9 expression were significantly
reduced, and treatment with zoanthamine reduced the number of differentiated cells and miR-9 expression com-
pared with the APP + miR-9 inhibitor group. There was a significant reduction in the expression of Hes1 and NICD
proteins in the APP + zoanthamine group relative to the APP group. In addition, the levels of Hes1 and NICD were
enhanced by inhibition of miR-9 but zoanthamine prevented these increases. In conclusion, these results suggest
that treatment with zoanthamine enhances the differentiation of NSCs by regulating Notch signalling via elevated
miR-9 expression.
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Introduction signalling pathway, and that Notch 1 signalling

plays a role in the development of AD [4]. Clea-

Neurodegenerative disorders, such as Alzhei-
mer’s disease (AD), have recently become a
major issue worldwide [1]. AD commonly devel-
ops at an older age and causes dementia.
Several pathogenic factors contribute to the
development of AD, such as decreases in the
levels of acetylcholine, B-amyloid (AB) and tau
protein, which result in the loss of neurons [2].
Neural stem cells (NSCs) are found in several
regions of the brain, including the subventricu-
lar zone (SVZ) and hippocampus, and trans-
plantation of these cells improves memory and
learning deficits in neurodegenerative disor-
ders [3]. It was reported that differentiation
and death of NSCs are regulated by the Notch

vage of the Notch 1 intracellular domain by
gamma secretase leads to the production of AR
and, subsequently, the development of neuro-
degeneration [5]. Conventional drugs used for
the management of AD have several limitations,
and new drugs and/or therapies are therefore
needed.

In the past few years, many drugs isolated from
marine sources have been confirmed for their
therapeutic effects against several chronic dis-
orders. Many alkaloids have been isolated from
Zoanthus species, including zoanthamine, whi-
ch is an alkaloid derived from these mari-
ne zoantharians [6]. Alkaloids isolated from
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Zoanthus species are reported to possess sev-
eral pharmacological activities, such as inhibi-
tion of platelet aggregation and antibacterial,
anti-inflammatory and antiosteoporotic activi-
ties [7]. Zoanthamine shows strong anti-inflam-
matory activity and has a proven role in pre-
venting neuroinflammation [8]. Thus, the pre-
sent investigation evaluated the effect of zoan-
thamine on the differentiation of NSCs in AD.

Material and methods
Chemicals

The human amyloid precursor protein (APP)
695swe sequence was procured from DNA-
SYN Biotechnology Co. Ltd. (Beijing, China) and
the green fluorescent protein (GFP) lentiviral
vector from System Biosciences (Palo Alto, CA,
USA). The primary antibodies targeting Hes1,
Notch intracellular domain (NICD), AB, APP and
B-actin, and the horse radish peroxidase (HRP)-
conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology (Dallas,
TX, USA). Top Green qPCR SuperMix was pur-
chased from TransGen Biotech (Beijing, China)
and cDNA Synthesis Kit from Thermo Scientific
(Waltham, MA, USA). The miR-9 oligonucleotide
was purchased from GenePharma (Shanghai,
China).

Generation of NSCs

The SVZ region was obtained from new-born
(0-2 days old) C57BL/6 mice for isolation of
NSCs. The SVZ regions from freshly collected
brains were cut into 1 mm? sections and sus-
pended in 3 mL trypsin-EDTA (0.25%) for 15
min at 37°C. The collected cells (1 x 10%/mL)
were seeded into 24-well plates coated with
poly-L-lysine and maintained at 37°C under
humidified conditions. The cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 100 pg/mL streptomycin,
100 IU/mL penicillin, 20 ng/mL basic fibroblast
growth factor, 20 ng/mL epidermal growth fac-
tor and 2% B27. Neurospheres developed after
day 5 of culture. NSCs from passage 3-8 were
used in the following experiments.

Construction of a lentiviral vector encoding
APP and its transfection into NSCs

To generate an APP expression construct, hu-
man APP695swe was subcloned into a GFP len-
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tiviral vector, pPCDHCMV-MCS-EF1-copGFP, via
the Xbal and Notl restriction sites. The pLP/
VSV-G, pLP1 and pLP2 plasmids and APP were
isolated from bacteria using an endotoxin-free
plasmid kit (Qiagen, Hilden, Germany). A plas-
mid DNA solution containing 3.5 pg pLP/VSV-G,
6.5 ug pLP1, 2.5 ug pLP2 and 15 pg GFP or APP
was transfected into 293T human embryonic
kidney cells using Lipofectamine 2000. The
293T cells were cultured in DMEM supplement-
ed with 1% penicillin/streptomycin and 10%
foetal bovine serum (FBS). Fresh culture medi-
um was added after 6 h of transfection, and the
culture medium was then collected and filtered
through a 0.45 ym membrane. GFP lentiviral
particles encoding APP, or GFP only, were trans-
fected into NSCs. After 3 days, the stably trans-
fected cells were either assessed by immuno-
cytochemical staining or cultured for future
use.

Cell viability assay

Cell viability was determined using the Cell
Counting Kit-8 (CCK-8; Dojindo, Kumamoto,
Japan) per the manufacturer’s instructions. In a
96-well plate, 100 pL of the cell suspension
were added to 10 uL CCK-8 solution. The plate
was incubated for 4 h at 37°C, and a micro-
plate reader was used to determine the absorb-
ance at 450 nm.

Apoptosis assay

Cells (2 x 10°) were seeded into six-well plates
and incubated for 2 days at 37°C. The cells
were harvested, washed with phosphate-buff-
ered saline (PBS) and resuspended in 500 pL
binding buffer. Then, 5 pL propidium iodide and
5 uL Annexin V-Light 650 were added to the
cells, followed by a 15 min incubation in the
dark. The number of apoptotic cells was deter-
mined using a flow cytometer.

Determination of cell differentiation

APP- or GFP-expressing NSCs were divided into
five groups: GFP (transfected with the GFP-
expressing plasmid), APP (transfected with the
APP-expressing plasmid), APP + zoanthamine,
APP + miR-9 inhibitor, and APP + miR-9 inhibitor
+ zoanthamine. For miR-9 inhibitor treatment,
the cells were transfected with an antisen-
se miR-9 oligonucleotide using Lipofectamine
2000 reagent per the manufacturer’s instruc-
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Figure 1. Neural stem cell (NSC) characterization by immunocytochemistry. A. Immunohistochemical staining of
neurospheres for nestin (red) and Sox2 (green) and DAPI staining (blue) of the nucleus. B. Immunohistochemical

staining for NeuN, GalC and GFAP.

tions (Invitrogen, Carlsbad, CA, USA). After 72 h
of transfection, the NSCs were cultured in
DMEM supplemented with 1% penicillin/strep-
tomycin and 10% FBS for another 10-14 days.

Western blot analysis

Proteins were separated by 10% sodium dode-
cyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and then transferred to a polyvi-
nylidene difluoride membrane. The proteins on
the membrane were blocked with blocking solu-
tion for 60 min. The membrane was then incu-
bated with primary antibodies against Hesl
(1:1,000), NICD (1:1,000), AB (1:1,500), APP
(1:1,000) and B-actin (1:2,000) overnight at
4°C, followed by HRP-conjugated secondary
antibodies for 1 h at room temperature. Ele-
ctrochemiluminescence (ECL) western blotting
detection reagents were used to visualize
chemiluminescence, and the protein band in-
tensities were quantitated using Image J soft-
ware (NIH, Bethesda, MD, USA).

Reverse-transcription polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from tissues using
TRIzol reagent and quantitated using a spectro-
photometer. The Revert Aid First Strand cDNA
Synthesis Kit (Fermentas, Hanover, MD, USA)
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was used to reverse-transcribe cDNA from
RNA. PCR was conducted using 2 yL cDNA and
TransStart Top Green qPCR SuperMix under the
following conditions: 94°C for 30 s, followed by
35 cycles of 94°C for 5 s, 60°C for 15 s and
72°C for 10 s. The primers used are listed
below. U6 small nucleolar RNA expression was
measured as a control for normalization. The
data are expressed as Cq values.

Primer

APP Forward: GACTGACCACTCGACCAGCAGGTTCTG
Reverse: CTTGTAAGTTGGATTCTCATATCCG

Notch 1 Forward: TCGTGTGTCAAGCTGATGAGGA
Reverse: GTTCGGCAGCTACAGGTCACAA

Hes1 Forward: GCAGACATTCTGGAAATGACTGTGA
Reverse: GAGTGCGCACCTCGGTGTTTA

B-actin  Forward: GGGAAATCGTGCGTGACCT
Reverse: TCAGGAGGAGCAATGATCCTG

Results
Transfection of GFP and APP into NSCs

NSCs isolated from the SVZ region of new-born
C57BL/6 mice were characterized by immuno-
histochemical staining of Sox2 and nestin
markers. Sox2- and nestin-positive NSCs are
shown in Figure 1A. Figure 1B shows the dif-
ferentiation of NSCs into astrocytes (GFAP+),
oligodendrocytes (GalC+) and neurons (NeuN+)
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Figure 2. Expression of amy-
loid precursor protein (APP)
and B-amyloid (AB) in NSCs
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transfected with lentiviral vec-
tors encoding green fluores- - - AB-H

cent protein (GFP) and APP.

after 14 days of culture in differentiation medi-
um. GFP lentiviral vectors encoding APP, or GFP
alone, were transfected into the cells. APP and
GFP expression was seen in the cells transfect-
ed with both vectors (APP group) on day 3 after
transfection. Western blot analysis and RT-PCR
demonstrated enhanced expression of APP
and the AB peptide in the APP group. Moreover,
there was no difference in the expression of
APP or AB in the GFP group compared with
untransfected cells (Figure 2).

Effect of zoanthamine on apoptosis

The protective effect of zoanthamine was ass-
essed by treating APP-transfected NSCs with
100 pmol/L zoanthamine for 1 day followed by
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B-actin

the CCK-8 assay. Cell viability was significantly
decreased in the APP + zoanthamine group
compared with the APP group. However, there
was no difference in cell viability between the
GFP group and GFP + zoanthamine group
(Figure 3A).

The number of apoptotic cells, determined by
flow cytometry, was higher in the APP group
compared with the GFP group. Treatment with
zoanthamine decreased the number of apop-
totic cells compared with the APP group (Figure
3B). These results suggested that our cellular
AD model was developed successfully, and that
100 pmol/L zoanthamine had no cytotoxic
effect.
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Figure 3. Effects of zoanthamine on apoptosis and viability of APP-expressing NSCs. NSC viability (A) was assessed
by CCK-8 assay and apoptosis (B) by flow cytometry with quantitative determination. Mean + SEM (n = 6); #P < 0.01
compared with the GFP group; **P < 0.01 compared with the APP group.

Effect of zoanthamine on NSC differentiation

The effect of zoanthamine on the differentia-
tion of NSCs into neuronal cells was evaluated
(Figure 4). Immunostaining for NF-M indicated
fewer NF-M-positive cells in the APP group com-
pared with the GFP group. Zoanthamine attenu-
ated the difference in the proportion of NF-
M-positive NSCs between the APP and GFP
groups, with a significant increase in the zoan-
thamine + APP group compared with the APP
group. RT-PCR revealed lower miR-9 expression
in the APP group compared with the GFP group,
and zoanthamine treatment prevented this
APP-induced decrease in miR-9 expression.
Moreover, in the APP + miR-9 inhibitor group,
neuronal cell differentiation and miR-9 expres-
sion were significantly reduced compared with
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the GFP group, and additional treatment with
zoanthamine reduced the proportion of differ-
entiated cells and miR-9 expression compared
with the APP + miR-9 inhibitor group.

Effect of zoanthamine on the Notch signalling
pathway

The effects of zoanthamine and the miR-9
inhibitor on the expression of Notch signalling
pathway members were assessed by western
blot analysis and RT-PCR (Figure 5). RT-PCR
showed a significant increase in the expression
of Hes1, but not Notch-1, in the APP group com-
pared with the GFP group. However, treatment
with zoanthamine attenuated the APP-induced
increase in Hes1 expression, with a significant
decrease in the APP + zoanthamine group com-
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Figure 5. Effect of zoanthamine
on the Notch signalling pathway
in NSCs. mRNA (A) and protein (B)
expression of Hesl and Notch 1
determined by RT-PCR and west-
ern blot analysis, respectively.
Mean + SEM (n = 6); #P < 0.01
compared with the group; **P
< 0.01 compared with the APP
group; P < 0.05 compared with
the APP + miR-9 inhibitor group.
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pared with the APP group (Figure 5A). According
to western blot analysis, Hes1 and NICD pro-
tein levels were significantly increased in the
APP group compared with the GFP group and
significantly reduced in the APP + zoanthamine
group compared with the APP group (Figure
5B). Moreover, miR-9 inhibition increased the
protein levels of Hes1 and NICD compared with
the GFP group, whereas additional treatment
with zoanthamine resulted in lower levels of
these proteins compared with the APP + miR-9
inhibitor group.

Discussion

The pathogenesis of AD involves several fac-
tors, including formation of A from APP cleav-
age by gamma secretase [9]. AR formation
results in neurotoxicity and contributes to the
development of AD via loss of cognitive func-
tion [10]. Previous studies using different cellu-
lar models of AD have revealed that APP plays
an important role in the development of AD
[11]. The present study evaluated the molecu-
lar mechanisms underlying the AD-preventative
effects of zoanthamine in a novel cellular AD
model using western blot analysis and RT-PCR.

It was reported that zoanthamine attenuates
neuroinflammation by reducing the production
of reactive oxygen species [6] and possesses
strong antioxidant and anti-inflammatory activi-
ties [6]. miR-9 enhances the differentiation of
neurons and promotes neurogenesis by acting
on various signalling molecules, including FoxG,
Zfp521, STAT-3 and Hes1 [12]. In AD patients,
expression of miR-9 was found to be reduced,
and thus miR-9 may be a target for the manage-
ment of AD [13]. Another study revealed that
overexpression of miR-9 protected against neu-
ronal injury in AB-induced neurotoxicity [14].
Our study suggests that zoanthamine attenu-
ates apoptosis and enhances the viability of
APP-treated NSCs.

The biological activities of stem cells and devel-
opment of the nervous system are regulated by
the Notch signalling pathway. Differentiation of
NSCs was found to be enhanced by Notch sig-
nalling via increased miR-9 expression [15].
APP reduces the differentiation of neuronal
cells by activating the Notch signalling pathway
[16]. We found that treatment with zoanthamine
in the presence of APP enhanced miR-9 expres-
sion and reduced Hes1 and NICD protein levels
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compared with APP alone. Moreover, Hes1 and
NICD protein levels were increased by inhibition
of miR-9, but zoanthamine prevented these
increases.

Conclusion

In conclusion, treatment with zoanthamine pro-
moted the differentiation of NSCs by regulating
Notch signalling via increased miR-9 expre-
ssion.
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