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Abstract Accumulation of β-amyloid peptide (Aβ) in the
brain plays an important role in the pathogenesis of
Alzheimer’s disease (AD). It has been reported that osthole
exerts its neuroprotective effect on neuronal synapses, but its
exact mechanism is obscure. Recently, microRNAs have been
demonstrated to play a crucial role in inducing synaptotoxicity
by Aβ, implying that targeting microRNAs could be a thera-
peutic approach of AD. In the present study, we investigated the
neuroprotective effects of osthole on a cell model of AD by
transducing APP695 Swedish mutant (APP695swe, APP) into
mouse cortical neurons and human SH-SY5Y cells. In this
study, the cell counting kit CCK-8, apoptosis assay, immuno-
fluorescence analysis, enzyme-linked immunosorbent assay
(ELISA), quantitative real-time polymerase chain reaction,
and Western blot assay were used. We found that osthole could
enhance cell viability, prevent cell death, and reverse the reduc-
tion of synaptic proteins (synapsin-1, synaptophysin, and post-
synaptic density-95) in APP-overexpressed cells, which was
attributed to increases in microRNA-9 (miR-9) expression
and subsequent decreases in CAMKK2 and p-AMPKα expres-
sions. These results demonstrated that osthole plays a neuropro-
tective activity role in part through upregulating miR-9 in AD.
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Introduction

Alzheimer’s disease (AD) is one of the most serious neurode-
generative diseases characterized by progressive cognitive im-
pairment and memory loss and mainly affects people over
65 years old. AD is characterized by extracellular β-amyloid
peptide (Aβ) plaques, intracellular neurofibrillary tangles
(NFTs), and neuronal synapse loss in the brain (Selkoe 2002;
Wilcock et al. 2009; Kudinov et al. 2012; Malthankar-Phatak
et al. 2012). Though the pathogenic mechanisms of AD are
obscure, the most recognized mechanism is that by which am-
yloid precursor protein (APP) can be cleaved first by β- and
then by γ-secretase generating Aβ1–42 oligomers (LeBlanc
et al. 1992; Schonrock et al. 2012b), which have strong abilities
for inducing neuronal toxicity, synaptic failure, and memory
loss in cell or animal models of AD (Selkoe 2002; Haass and
Selkoe 2007; Schonrock et al. 2010). Synaptic impairment and
synapse loss exist in the early stages of AD (Hawley et al. 1996;
Stapleton et al. 1996; Mairet-Coello et al. 2013). Synaptic pro-
teins, synapsin, synaptophysin (SYP), and postsynaptic
density-95 (PSD-95), play crucial roles in synapse maturation
and plasticity (Stein et al. 2000). It has been reported that sol-
uble Aβ treatment significantly reduced the level of these pro-
teins in rat hippocampal neurons (Carling et al. 2012).
Furthermore, Aβ1–42 oligomers can induce an acute rapid
synaptotoxic effect by activating the CAMKK2–AMPK path-
way (Mairet-Coello et al. 2013). However, no effective drugs
are currently available for treating neurotoxicity, making it im-
portant to develop effective therapeutic agents.
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As a natural coumarin derivative isolated from
Cnidium monnieri (L.) Cusson, osthole (7-methoxy-8-
isopentenoxycoumarin, C15H16O3, 244.39 Da; Fig. 1)
has recently drawn considerable attention from re-
searchers because of its broad-spectrum pharmacologic
attributes, such as anti-inflammatory (Gao et al. 2014;
Xia et al. 2015), anti-apoptotic (Hu et al. 2013), anti-
oxidative stress (Chen et al. 2011), and anti-tumor
(Nakamura et al. 2009) activities. Previous research from
the authors of the current study has reported that osthole
(50 μmol/L) had no effect on cell survival and apoptosis
compared with that of the control. However, osthole had a
neuroprotective effect against Aβ injury, promotes neuron
survival, and reverses cell death via cyclic AMP response
element-binding protein (CREB) phosphorylation (Hu
et al. 2013). Moreover, Dong X et al. suggested that
osthole may improve learning and memory impairment
and increase synaptic plasticity in AD rats via regulating
glutamate (Dong et al. 2012).

microRNAs are a recently identified large family of 21–23-
nucleotide non-coding RNAs that are involved in numerous
cellular processes, including development, proliferation, apo-
ptosis, and synaptic plasticity (Ambros 2004; Chen et al.
2004; Carmell et al. 2007). Among the microRNAs,
microRNA-9 (miR-9) is expressed specifically in neurogenic
regions of the brain during neural development and in adult-
hood. Recently, researchers have been investigating in vitro
and in vivo reduction of miR-9 (Schonrock et al. 2010;
Schonrock et al. 2012a; Che et al. 2014). Moreover, Chang
F et al. provided evidence showing that CAMKK2 is a target
gene of miR-9 and investigated the role of miR-9 on Aβ1–42-
triggered CAMKK2–AMPK activation and synaptotoxicity
(Chang et al. 2014).

Based on the aforementioned evidences, this study hypoth-
esized that osthole can perform neuroprotection and rescue the
decrease of synaptic proteins in cells stably transduced with
APP, and the study aimed to investigate the underlying mech-
anism of miR-9. The findings of this study demonstrated that
osthole exerts its neuroprotective effect on neuron synapses
via upregulating miR-9 and subsequently downregulating
CAMKK2 and p-AMPKα expres s ions in APP-
overexpressed cells.

Materials and Methods

Generation of Primary Cortical Neurons and SH-SY5Y
Cells

Neuronswere isolated from the cortices of newborn (0–2 days)
mice (C57BL/6) and cultured in special media as described in
the laboratory where the study was performed (Hu et al.
2013). Briefly, meninges-free cortices were isolated and cut

into pieces of 1 mm3 and then suspended in 3 mL 0.25 %
trypsin–EDTA (Gibco Invitrogen Corporation, NY, USA) at
37 °C for 15 min. The cells (106/mL) were plated on poly-L-
lysine–coated 24-well plates (BD Bioscience, CA, USA) and
maintained at 37 °C in a humidified atmosphere (5 % CO2,
95 % air). Neurons were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) high-glucose media with
10 % fetal bovine serum (FBS, Gibco) and 100 U/mL peni-
cillin and 100 μg/mL streptomycin (1 % P/S, Gibco). The
media were replaced with DMEM containing 4 μg/mL
cytarabine in 3 days after seeding, which suppressed the
growth of gliocytes and consistently provided neuronal cul-
tures with 90 % purity. After 15-day culture, neurons were
used in the experiment. The human neuroblastoma cell line
SH-SY5Y (Capital Medical University, Beijing, China) was
cultured in DMEM/F12 (Gibco) supplemented with 10 %
FBS and 1 % P/S at 37 °C in a humidified 5 % CO2, 95 % air.

Construction of Lentiviral Vector Encoding APP andGFP
and Transduction into Neurons and SH-SY5Y Cells

To generate APP expression construct, the APP sequence
(AuGCT DNA-SYN Biotechnology Co. Ltd. Beijing,
China) was subcloned into the green fluorescent protein
(GFP) lentiviral vector pCDH-CMV-MCS-EF1-copGFP
(System Biosciences; CA, USA) at XbaI and NotI restriction
sites (Invitrogen) (Yang et al. 2012). The newly generated
APP and three other helper plasmids pLP1, pLP2, and pLP/
VSV-G (Invitrogen) were isolated from bacteria using the
plasmid small kit without endotoxin (Omega Bio-tek, GA,
USA), and their concentrations were adjusted to 1 μg/μL.
The 293T cells (Dalian Medical University, Dalian, China)
were cultured in DMEM supplemented with 10 % FBS and
1 % P/S. Ninety percent of confluent 293T cells in DMEM
were transfected with plasmid DNA containing 15 μg APP or
15 μg GFP (negative control vector), 6.5 μg pLP1, 2.5 μg
pLP2, and 3.5 μg pLP/VSV-G using Lipofectamine 2000
(Life Technologies, Gaithersburg, MD, USA) in 10-cm

Fig. 1 The chemical structure of osthole
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dishes. After 6 h, the medium with plasmids was replaced by
10-mL fresh culture medium. The culture medium was har-
vested after 2 days, filtered through a 0.45 μmmembrane, and
then stored at −80 °C for further use (Yang et al. 2009; Yang
et al. 2012; Yang et al. 2014). Viral titers were assayed by
infecting 293T cells at different dilutions; titers were adjusted
to 5 × 108 IU/mL before infection. Lentiviral particles
encoding APP-GFP and GFP were transduced into neurons
and SH-SY5Y cells, respectively. After 3 days, the stably
transduced cells were determined by immunocytochemistry
or cultured for future use.

Preparation of Osthole

Osthole (structure shown in Fig. 1, purity >98 %) was
purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (110822-200407;
Beijing, China). Moreover, 12.2 mg of osthole was dis-
solved in 10 μL dimethyl sulfoxide (DMSO) and was
diluted with 1 ml DMEM or DMEM/F12 to stock solution
of 50 mM. APP-overexpressed cells were treated with
osthole at a final concentration of 50 μM (the concentra-
tion of DMSO was 0.0001 %, which had no effect on
neuronal cells) for 24 h (Hu et al. 2013; Gao et al.
2014; Yao et al. 2015). The GFP group was administered
with the same concentration of DMSO as the APP group,
but without osthole (Zhang et al. 2011; Yao et al. 2015).

Cell Viability Test

Cell viability was assessed using the cell counting kit CCK-8
(Dojindo Laboratories; Kumamoto, Japan) according to the
manufacturer’s instruction. In brief, 10 μL of CCK-8 solution
was added to each well containing 100 μL of cell culture
supernatants (105 cells) of the 96-well plates (Wu et al.
2014; Xu et al. 2014). The reaction system was incubated at
37 °C for 4 h. The absorbance was measured in a microplate
reader (MR-96, Mindray, Shenzhen, China) at 450 nm.

Cell Death Determination

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) was performed using a one-
step assay kit (KeyGen, Nanjing, China). The neurons and
SH-SY5Y cells were fixed with 4 % paraformaldehyde
for 25 min and penetrated with 1 % Triton X-100 for
5 min. Then, the cells were incubated in the dark with
50-μL TdT solutions for 60 min and streptavidin-TRITC
solutions for 30 min at 37 °C according to the manufac-
turer’s protocol (Zhou et al. 2009; Lu et al. 2013).
Morphological changes in cells undergoing apoptosis
were detected simultaneously by counterstaining them
with DAPI (1:100, Sigma, St. Louis, MO, USA). The

slides were examined by an inverted fluorescence micro-
scope (Nikon Eclipse E800; Nikon, Tokyo). The experi-
ments were conducted in triplicate.

Immunofluorescence Labeling

Cells in 96-well plates were fixed with 4% paraformaldehyde,
penetrated with 1 % Triton X-100, and then washed three
times with phosphate-buffered saline (PBS). Sections were
incubated with 10 % goat serum in PBS for 30 min, after
which primary antibodies were added and incubated at 4 °C
overnight. The following primary antibodies were used: rabbit
anti-NF-M (1:150, STEMCELL Technologies, Vancouver,
BC, Canada), anti-APP (1:150, Abcam, Cambridge, MA,
USA), and anti-synapsin-1 (1:150, Abcam). After washing
three times with PBS, the sections were incubated with Cy3-
conjugated donkey anti-rabbit immunoglobulin G secondary
antibodies (1:200, Jackson, West Grove, PA, USA) for 1 h at
room temperature (Hamamoto et al. 2004; Yang et al. 2010;
Hu et al. 2013). All of these were then supplemented with
DAPI nuclear dye, washed third with PBS, and viewed using
an inverted fluorescence microscope. ImageJ (National
Institutes of Health, Bethesda, MD, USA) was used for quan-
titative analysis.

Analysis of Synaptic Protein Levels by Enzyme-Linked
Immunosorbent Assay

Neurons and SH-SY5Y cells were cultured (106/mL) in 96-
well plates. Media were collected and assayed for SYP and
PSD-95 using an enzyme-linked immunosorbent assay
(ELISA) kit (Jiangsu Kurt Trading Co. Ltd.; Jiangsu, China)
according to the manufacturer’s instruction.

Quantitative Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (RT-PCR) was car-
ried out as previously described (Hu et al. 2013; Lee et al.
2013; Zhang et al. 2013). Total cellular RNA was extract-
ed using TRIzol reagent (Carlsbad, CA, USA) and quan-
tified using a spectrophotometer. RNA (3 μg) was con-
verted to complementary DNA (cDNA) by reverse tran-
scriptase using a Revert Aid First Strand cDNA Synthesis
Kit (Thermo Scientific, Lafayette, CO, USA). miR-9 and
U6 small nucleolar RNA (Guangzhou RiboBio Co., Ltd.,
Guangzhou, China) were used for the normalization; U6
snRNA (U6) served as the control. The PCR reaction was
performed using 2 μL cDNA and a DreamTaq Green PCR
Master Mix Kit (Thermo) as follows: 95 °C for 10 min;
35 cycles of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
60 s; and 72 °C for 10 min. RT-PCR products were re-
solved in 4 % agarose gel stained with ethidium bromide.
Quantitative analysis was performed using a Tanon 4100
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Gel Imaging System (Tanon Science & Technology Co.,
Shanghai, China).

MiR-9 Inhibitor Transfection

APP-overexpressed cells in DMEMwere transfected with an-
tisense miR-9 oligonucleotide (GenePharma, Shanghai,
China) using Lipofectamine 2000 reagent according to the
manufacturer’s instructions (Wang et al. 2011). After 72 h,
the cells were subjected to further analysis as described in
the BResults^ section. We checked miRBase database and
found that the sequence of miR-9 in mice is the same as it in
human. So, the miR-9 inhibitor can be used in both mouse
neurons and human SH-SY5Y cells.

Western Blot Analysis

Proteins were extracted with a ReadyPrep protein extraction
kit according to the manufacturer’s instructions (R&D, CA,
USA) from neurons after osthole treatment for 1 day. Equal
amounts of proteins (50 μg) were loaded on 10% SDS-PAGE
and transferred onto polyvinylidene difluoride membranes.
The membranes were blocked for 1 h with a blocking buffer
containing 5 % BSA in Tris-buffered saline solution and
Tween 20 (10 mM Tris–HCl, 150 mM NaCl, 0.05 % Tween
20; TBS-T). The membranes were then incubated overnight at
4 °C with different primary antibodies diluted in the same
blocking buffer. Incubations with HRP-conjugated secondary
antibodies were performed for 1 h at room temperature and
visualized by quantitative chemiluminescence using ECL
western blotting detection reagents (Millipore) (Yang et al.
2008; Zhuang et al. 2012) Signal intensity was quantified
using ImageJ. Antibodies used were as follows: mouse anti-
Aβ1–42 (1: 1500, Abcam), rabbit anti-phospho-T172-
AMPKα (1:1000; Cell Signaling), AMPKα (1:1000; Cell
Signaling), and anti-CAMKK2 (1:1000; Abcam). To control
for loading, blots were stripped and reprobed with mouse anti-
actin (1:2000; Santa Cruz).

Statistical Analysis

The data were analyzed using SPSS version 13.0 (SPSS, IL,
USA) and were expressed as the means ± standard deviation
(SD). Differences for other parameters were evaluated by the
analysis of variance (for multiple groups) or Student’s test (for
two groups). Differences were considered significant at a val-
ue of P < 0.05.

Results

Aβ1–42 Secreted from GFP- and APP-Expressing Cells
Exists as a Neurotoxic Oligomer

Neurons and SH-SY5Y cells were identified by immunostain-
ing of neural-specific marker neurofilament M (NF-M).
Figure 2 shows that both neurons and SH-SY5Y cells were
positive to NF-M. Then, these cells were transduced either
with lentiviral vector APP encoding both APP and GFP or
with GFP encoding GFP alone (used as control). At day 3
post-transduction, neurons and SH-SY5Y cells that were
transduced with lenti-APP-GFP exhibited GFP-positive stain-
ing at 95 and 93%; strongAPP stainingwas visible in neurons
and SH-SY5Y cells transduced with APP but not with GFP,
while strong GFP expression was visible in cells transduced
with both vectors (Fig. 3a, b). The results demonstrated the
high efficiency of APP transduction into neurons and SH-
SY5Y cells and abundant expression of Aβ1–42 (Fig. 3c, d),
which acts as a neurotoxic oligomer (Haass and Selkoe 2007;
Schonrock et al. 2010).

Osthole Promotes Cell Survival and Reduces Apoptosis
in APP-Overexpressed Cells

To study the effect of osthole on cell viability in these cells,
neurons and SH-SY5Y cells were incubated with osthole
(50 μmol/L) for 24 h (Xu et al. 2011; Hu et al. 2013). Next,

Fig. 2 Characterization of
neurons and SH-SY5Y cells by
immunostaining. Neurons (a) and
SH-SY5Y cells (b) were
identified by immunostaining of
neural markers NF-M (red) and
DAPI (blue). Scale bar = 25 μm
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the cell viability was assessed using the CCK-8 kit. As shown
in Fig. 4a, a significant decline in neural viability was demon-
strated in APP-overexpressed neurons and SH-SY5Y cells
(60.00 ± 2.48 and 70.57 ± 5.59 %, respectively) of the GFP
group (Fig. 4a, **P < 0.01, **P < 0.01, vs. GFP group
100 %). However, osthole significantly increased the viability
to (88.10 ± 6.57 %) and (90.24 ± 6.41 %), respectively
(Fig. 4a, ##P < 0.01, ##P < 0.01, vs. APP group).

Apoptotic cells were further assessed using the TUNEL
assay. The results indicated that cells transduced with APP
increased the rate of TUNEL-positive cells (red) to
37.20 ± 2.56 % in neurons (**P < 0.01, compared with the
GFP neuron group) and 40.00 ± 2.16 % in SH-SY5Y cells
(**P < 0.01, compared with the GFP-SHSY5Y group).
Meanwhile, the percentages of apoptotic cells were
18.29 ± 1.78 % in neurons (##P < 0.01, compared with the

APP neuron group) and 20.73 ± 1.75 % in SH-SY5Y cells
cultured with osthole (##P < 0.01, compared with the APP-
SHSY5Y group) (Fig. 4b, c).

Osthole Increased miR-9 Expression
in APP-Overexpressed Cells

To investigate whether osthole treatment could regulate the
expression of miR-9 in APP-overexpressed cells, microRNA
(miRNA) RT-PCR assay was used. In this study, APP trans-
duction led to the inhibition of miR-9 expression in neurons
and SH-SY5Y cells. In contrast, osthole treatment resulted in
the upregulation of miR-9 (0.60 ± 0.05%APP +Ost group vs.
0.40 ± 0.03 APP group in neurons, P < 0.01; 0.61 ± 0.05 APP
+ Ost group vs. 0.41 ± 0.01 % APP group in SH-SY5Y cells,
P < 0.01; Fig. 5a, b).

Fig. 3 Aβ1–42 secreted from
GFP- and APP-expressing cells in
culture media. a Neurons
transduced with both vectors are
GFP+ and exhibit neural cell
morphology. APP (red) was
expressed in APP neurons but not
in GFP neurons; nuclei were
stained with DAPI (blue). Scale
bar = 20 μm. b SH-SY5Y cells
transduced with both vectors are
GFP+ and exhibit neural cell
morphology. APP (red) was
expressed in APP-SH-SY5Y but
not in GFP-SH-SY5Y. Scale
bar = 20 μm. c APP-transduced
cells transcribed highly expressed
Aβ1–42 proteins. d Quantitative
analysis of Aβ1–42 protein level.
**P < 0.01, vs. GFP groups
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Osthole Inhibited Synapsin-1 Reduction
in APP-Overexpressed Neurons

In neurons, an analysis of immunocytochemical staining of
synapsin-1, an integral membrane glycoprotein of synaptic
vesicles, was performed. Synapsin-1 has been widely used
as a synaptic marker to investigate synaptic reinnervation
and synaptogenesis (Li et al. 2002). The synapsin-1 expres-
sion was measured by immunocytochemistry. Figure 6a
shows that synapsin-1 protein strongly expressed in GFP neu-
rons, while the intensity of synapsin-1 decreased in APP neu-
rons (Fig. 6a, b, 57.0 vs. 100 % in GFP neurons, P < 0.01);
treatment with Ost attenuated the reduction of synapsin-1 and
restored the protein obviously (Fig. 6a, b, 81.0 vs. 57.0 % in
APP neurons, P < 0.01). Meanwhile, to inhibit the function of
miR-9, antisense miR-9 oligonucleotide was used. As shown
in Fig. 6a, b, miR-9 inhibitor significantly reduced the inten-
sity of synapsin-1 (52.3 vs. 100 % in GFP neurons, P < 0.01),
while treatment with osthole can reveal the effect of the inhib-
itor (66.0 vs. 52.3 % in APP neurons, P < 0.05).

Osthole Upregulated the Concentration of PSD-95
and SYP in APP-Overexpressed Cells

To further investigate the effect of osthole on neurons synap-
ses, ELISAwas used to analyze the concentration of PSD-95

and SYP. The results in the present study (Fig. 6c, d) indicated
that the protein levels of PSD-95 and SYP significantly de-
creased by APP transduction (P < 0.01, compared with the
two GFP groups), which was significantly reversed by treat-
ment with osthole in neurons and SH-SY5Y cells (P < 0.01,
compared with the two APP groups). Meanwhile, quantitative
analysis showed that cells transfected with miR-9 inhibitor
had a significant decrease in the concentration of synaptic
proteins compared with GFP groups. The concentration of
synaptic proteins had a similar trend of reduction in neurons
and SH-SY5Y cells transfected with miR-9 inhibitor
(P < 0.01, compared with the two GFP groups) and an in-
crease in cells transfected with miR-9 inhibitor plus osthole
(P < 0.01, compared with the two APP groups).

Osthole Attenuates APP Transduction-Induced
Synaptotoxicity via Inhibiting CAMKK2 and p-AMPKα
Expressions

Previous studies demonstrated that miR-9 can rescue Aβ42-
induced synaptotoxicity by inhibiting the CAMKK2–AMPK
pathway (Mairet-Coello et al. 2013). Western blot analysis
was carried out to verify the levels of CAMKK2, pT172-
AMPKα, and AMPKα protein expressions in the neurons.
Figure 7a, b shows that the infection of APP significantly
increased the protein levels of CAMKK2 and pT172-

Fig. 4 Osthole enhances the
viability of APP-transfected cells
and decreases the number of
apoptotic cells. a Cell viability
was assessed by CCK-8 assay.
**P < 0.01 vs. GFP, ##P < 0.01
vs. APP alone. b
Immunocytochemistry staining
showed that apoptotic neurons
(upper) and SH-SY5Y cells
(lower) were stained by TUNEL
(red); nuclei were stained by
DAPI (blue). Scale bar = 25 μm.
c Quantification of the percentage
of apoptotic cells. **P < 0.01 vs.
GFP, ##P < 0.01 vs. APP alone.
The data are expressed as the
mean ± SD and represent three
independent experiments
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AMPKα compared with the GFP group by 124.61 ± 9.10 %
(P < 0.01) and 168.91 ± 8.47 % (P < 0.01) and did not affect
the level of total AMPKα (P > 0.05). Meanwhile, treatment

with osthole reduced the protein levels of CAMKK2 and
pT172-AMPKα by 106.99 ± 9.07 % (P < 0.05) and
138.97 ± 4.64 % (P < 0.01). Inhibition of miR-9 led to an

Fig. 5 Osthole treatment increases miR-9 in APP-transfected cells. a The
expression ofmiR-9was detected byRT-PCR in neurons (upper) and SH-
SY5Y cells (lower) after osthole treatment. U6 was included as a loading

control. b The relative optical density of miR-9 mRNAwas acquired by
ImageJ. **P < 0.01 vs. GFP, ##P < 0.01 vs. APP alone

Fig. 6 Osthole protects against APP transfection-induced reduction of
synaptic proteins via miR-9 in cells. a Immunocytochemistry for
synapsin-1 (red) and DAPI (blue) in neurons. Scale bar = 50 μm. b
Quantification of the synapsin-1 immunoflurescence intensity. PSD-95

(c) and SYP (d) concentrations measured by ELISA assay. **P < 0.01
vs. GFP, ##P < 0.01 vs. APP alone, &P < 0.05, &&P < 0.01 vs. APP plus
miR-9 inhibitor. Data are expressed as the mean ± SD and represent three
independent experiments
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increase in the levels of endogenous CAMKK2 and pT172-
AMPKα proteins compared with the control (P < 0.01), while
treatment with osthole significantly reduced the endogenous
proteins compared with the APP plus miR-9 inhibitor group
(P < 0.01). These results suggest that osthole exerts its neuro-
protective effects partly through upregulation of miR-9 and
subsequent downregulation of CAMKK2 and p-AMPKα in
APP-overexpressed cells.

Discussion

The role of APP was investigated in neural stem cells and
human neuroblastoma cell lines La-N-1 and SH-SY5Y
(LeBlanc et al. 1992; Zhang et al. 2011; Lee et al. 2013).
Some studies have shown that gene duplications in the APP
locus located on chromosome 21 can cause familial AD.
Moreover, polymorphisms in the APP promoter, which in-
creases APP transcription that results in elevated Aβ1–42,
have been associated with AD (Podlisny et al. 1987;
Rovelet-Lecrux et al. 2006; Theuns et al. 2006). In this study,
mouse cortical neurons and human neuroblastoma cell line
SH-SY5Y were stably transduced with a vector carrying a
fragment of APPswe cDNA, which can mimic the character-
istics of AD (Fig. 3a, b). After 3 days, Aβ1–42 secreted from
APP-overexpressed cells existed as a neurotoxic oligomer
(Fig. 3c, d), similar to previous reports (Lee et al. 2013).

Osthole, an effective monomer in Chinese medicinal
plants, not only can cross the blood–brain barrier and protect
against brain injury with its anti-inflammatory and anti-
apoptotic effects (Hu et al. 2013; Gao et al. 2014) but also
can promote neuron survival and reverse cell death. Herein, it
was first demonstrated that APP-overexpressed cells reduced
cell viability and increased cell death; second, osthole in-
creased cell viability and significantly inhibited the percentage
of TUNEL-positive cells (Fig. 4a–c).

The potential functions of miRNAs acting locally on neu-
ronal synapses are just beginning to be explored (Chen et al.
2004). Several miRNAs are found to be localized and function

in dendrites and synapses. Among them, miR-9 is enriched in
neurogenic regions of the brain. miR-9 not only promotes the
development and differentiation of neurons but also regulates
synaptic growth. For example, miR-9 suppresses the expres-
sion of target genes to negatively regulate neural stem cell
proliferation and accelerate neural differentiation, such as
TLX, Foxg1, and hes1 (Podlisny et al. 1987; Shibata et al.
2008; Zhao et al. 2009; Bonev et al. 2012). Ramachandran
et al. found that miR-9 overexpression retards tau production
in the early stages of AD by inhibiting SIRT1 (Ramachandran
et al. 2011). Che and colleagues demonstrated that miR-9 was
significantly decreased in both the hippocampus and the fore-
brain cortex of middle-aged rats when compared to young rats
(Che et al. 2014). However, Liu found that miR-9 expression
was first slightly downregulated but became markedly in-
creased at 12 weeks in late-onset AD rabbits (Liu et al.
2014). The study revealed that the expression of miR-9 was
changed in the different regions of the brain during different
disease states (Delay et al. 2012). In a recent report, after
interacting with Aβ, miR-9 expression was reduced in neuro-
nal cells, resulting in the increased incorporation of tau and
neurofilament H into NFTs (Schonrock et al. 2010). In our
study, we also found that the expression of miR-9 in APP-
overexpressed cells was decreased, a finding that is consistent
with previous studies. Furthermore, osthole significantly in-
creased the expression of miR-9 in APP-overexpressed cells,
suggesting that osthole could be a potential agent for treating
AD through modulating miR-9 expression (Fig. 5).

Synaptic impairment and synapse loss have been found in
the brains of AD patients (Heredia et al. 2006; Um and
Strittmatter 2013). Synapses are functional connections be-
tween neurons and biological signals and pass information
from the presynaptic membrane to the postsynaptic membrane
(Ma et al. 2015). Synapsin-1 and SYP, located in the presyn-
aptic membrane, are specific proteins associated with synaptic
vesicles that mainly regulate the release of neurotransmitters;
PSD-95 is the major scaffolding protein at excitatory synapses
and in postsynaptic densities and plays a broad role in plastic-
ity of synaptic structure and function (Chi et al. 2003; Sheng

Fig. 7 Effects of osthole and miR-9 on CAMKK2–AMPK pathway
expression. a Protein levels of CAMKK2, p-AMPKα, and AMPKα in
neurons detected by western blotting after osthole treatment or miR-9
inhibitor transfection or the combination. b Quantification of protein

expression using ImageJ and normalization with β-actin internal
control. **P < 0.01 vs. GFP, ##P < 0.01 vs. APP alone, &&P < 0.01
vs. APP plus miR-9 inhibitor
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and Hoogenraad 2007;Woods et al. 2011). Chen et al. showed
that solute Aβ treatment significantly reduced synapsin-1 and
PSD-95 at synapses in vitro (Chen et al. 2014). Moreover,
Jiang et al. showed a decrease of synapse-associated proteins
in aging mice (Jiang et al. 2015). The findings of this study
also showed a decrease in the expressions of synapsin-1, SYP,
and PSD-95 in cortical neurons and human SH-SY5Y cells by
APP transduction (Fig. 6). However, treatment with osthole
upregulates the expression of the three synaptic proteins
(Fig. 6). It confirmed that osthole could enhance synaptic
plasticity by increasing these synaptic proteins in APP-
overexpressed cells.

AMPK, an important protein kinase in animals and plants,
maintains energy homeostasis. It is also a pivotal protein in-
volved in many cellular signaling cascades. This protein is
expressed in most cells and is activated by various metabolic
stresses such as cell pressure, ischemia, and hypoxia (Culmsee
et al. 2001; Vingtdeux et al. 2011). In the mammalian adult
brain, AMPK is predominantly expressed in hypothalamic,
cortical, and hippocampal neurons. AMPK has three subunits
(α, β, and γ), among which, the α subunit has two different
isoforms (α1 and α2). The AMPK-α1 subunit is predomi-
nantly expressed in the cytoplasm, whereas the α2 subunit is
located mainly in the nucleus. At present, the α subunit con-
tains a conserved threonine (Thr-172) site, which is essential
for its kinase activity (Ju et al. 2011). Recently, Vingtdeux
et al. showed that activated AMPK is abnormally and mas-
sively accumulated in pre-tangle- and tangle-containing neu-
rons in AD (Vingtdeux et al. 2011). CAMKK2, one of miR-9
targets, plays an important role in AMPK activation via the
phosphorylation of Thr-172 (Chang et al. 2014). Recent re-
search has suggested that Aβ oligomers may disrupt calcium
homeostasis, causing a Ca2+ influx into cells. It can induce
CAMKK2–AMPK pathway activation and lead to synapse
loss (Mairet-Coello et al. 2013). However, the overexpression
of miR-9 may rescue Aβ42-induced synapse loss by targeting
CAMKK2. The findings of the present study demonstrate that
the activation of CAMKK2–AMPK pathway induced by APP
transduction leads to synapse instability (Fig. 6). However,
osthole may protect synaptic functions via upregulation of
miR-9 and subsequent downregulation of CAMKK2 and
may also inhibit i ts downstream effects in APP-
overexpressed cells (Fig. 7).

To further investigate whether the protective effects of
osthole on neuronal synapses depend on the upregulation of
miR-9, miR-9 inhibitor was used to inhibit the function of
miR-9. The results of this study showed that miR-9 inhibitor
inhibited the expression of synaptic proteins (synapsin-1,
PSD-95, and SYP) in both APP-transduced neurons and SH-
SY5Y cells (P < 0.01, Fig. 6), accompanied by the increase in
CAMKK2 and pT172-AMPKα expressions in these cells
(P < 0.01, Fig. 7). Osthole partially reversed the reduction of
synaptic proteins, accompanied by the reduction of CAMKK2

and pT172-AMPKα expressions (P < 0.01, Figs. 6 and 7).
These observations confirmed that the neuroprotective effect
of osthole is attributed to the increase in miR-9 expression.

In conclusion, the collective evidence indicates that osthole
can promote cell survival and reduce apoptosis in neural cells
by APP transduction. Osthole also reversed the reduction of
synaptic proteins (synapsin-1, SYP, and PSD-95) in APP-
overexpressed cells. Finally, osthole was shown to antagonize
the APP transduction-induced synaptotoxic effect by upregu-
lating miR-9 and downregulating CAMKK2 and p-AMPKα,
which may be considered as a potential drug in treating AD
and other neurodegenerative diseases.

Conclusion

This study demonstrated the neuroprotective effect of osthole
in neural cells by APP transduction, and it also highlighted
that osthole may contribute to the treatment of some neurode-
generative diseases.
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