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a b s t r a c t

Alzheimer's disease (AD) is the most common neurodegenerative disease in the elderly. Increasing ev-
idence has shown that b-amyloid protein (Ab) production is the key pathological cause of AD. 7-(4-
Hydroxy-3-methoxyphenyl)-1-phenyl-4E-hepten-3-one (AO-2), a natural diarylheptanoid, is previously
found to have activities in neuronal differentiation and neurite outgrowth, and its analogue shows
protective effects against Ab. In this study, we further investigated the function of AO-2 toward Ab-
induced injuries in PC12 cells and hippocampal neurons. Pretreatment of PC12 cells with AO-2 restored
cell viability in a concentration-dependent manner against Ab-induced neurotoxicity. Moreover, the Ab
stimulated apoptosis and caspase-3 activation were markedly inhibited by AO-2. We found that AO-2
prevented the downregulation of PI3K-Akt-mTOR signaling after Ab damage, and blockade of either
PI3K or mTOR activity led to the failure of AO-2 on caspase-3 inhibition. We further showed that AO-2
was protective against two devastating effects of Ab, increased reactive oxygen species (ROS) production
and dendrite injury, and this protection was also dependent on PI3K and mTOR activities. Taken together,
this study showed that AO-2 acts against Ab-induced damages in PC12 cells and hippocampal neurons
through PI3K-mTOR pathways, thus providing a new neuroprotective compound which may shed light
on drug development of AD.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer's disease (AD), the most common cause of dementia
[1,2], is characterized by amyloid b (Ab) deposits and neurofibrillary
tangles [3e5]. Ab1-42, which consists of 42 amino acids of the
peptide, is the most found toxic forms in the pathogenesis of AD
[6,7]. Ab1-42 causes oxidative stress which leads to DNA damage and
caspase-dependent neuronal apoptosis, and this process plays an
important role in neurodegeneration [8,9]. Moreover, there is cu-
mulative evidence that dystrophic neurites and dendritic simplifi-
cation are associated with AD [10,11]. Therefore, treatments that
alleviate Ab1-42 induced caspase-dependent apoptosis and impair-
ments in dendrites may be a therapeutic approach for AD [12,13].

An increasing number of natural products have been served as
the source for drug development of AD, such as curcumin and
atory for Neuroscience and
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resveratrol [14,15]. Our previous study showed that 7-(4-
hydroxyphenyl)-1-phenyl-4E-hepten-3-one (AO-1) and 7-(4-
hydroxy-3-methoxyphenyl)-1-phenyl-4E-hepten-3-one (AO-2;
Fig. 1A), two closely related, curcumin-like diarylheptanoids, pro-
mote differentiation and neurite outgrowth of neuroblastoma cells
and hippocampal neurons [16]. AO-1 also shows a neuroprotective
effect against Ab1-42 induced toxicity [17]. However, whether AO-2
is another beneficial compound against Ab1-42 is still unknown.

In the present study, we first examined the protective effects of
AO-2 in PC12 cells, a well-established neuronal cell line for neu-
roprotective studies. Cytotoxicity, apoptosis, and the reactive oxy-
gen species (ROS) levels were measured to evaluate the effects of
AO-2 in the presence of Ab1-42. Moreover, we used primary hip-
pocampal neurons to study whether neuronal death and dendritic
injury induced by Ab1-42 were attenuated or rescued by AO-2. We
also explored the molecular action of AO-2 by examining cleaved
caspase-3 production and several signaling pathways. Our study
demonstrated that AO-2 exhibited potent neuroprotective effects
against neuronal apoptosis, ROS production, and dendritic damages
induced by Ab1-42, which was dependent on PI3K-mTOR pathway.
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Fig. 1. Protective effects of AO-2 against Ab1-42-induced cytotoxicity in PC12 cells. A. The chemical structure of AO-2 is shown. B. PC12 cells were exposed to indicated concen-
trations of AO-2 and cell viability was determined at 24 h later by MTT assay. *P < 0.05, AO-2 (8 mM) vs. CTL (control). C. AO-2 prevents Ab1-42 induced decrease of cell viability. PC12
cells were pretreated with different concentrations of AO-2 (0.5, 1, 2, 4 mM) for 2 h followed by exposure to 1 mM Ab1-42 for 24 h. Cell viability was determined using MTT assay.
***P < 0.001, Ab1-42 vs. CTL. #P < 0.05, ##P < 0.01 and ###P < 0.001, AO-2 þ Ab1-42 vs. Ab1-42 alone. For B and C, Data are expressed as percentages of values of that in untreated
control cells, and are expressed as mean ± SEM of three independent experiments.
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2. Materials and methods

2.1. Chemicals, reagents and materials

AO-2 (7-(4-hydroxy-3-methoxyphenyl)-1-phenyl-4E-hepten-3-
one) was extracted from the rhizomes of A. officinarum Hance as
previously reported [16]. Stock AO-2 was dissolved in DMSO at a
concentration of 10 mM. Different concentrations of AO-2
(0.5e8 mM) was used to study its protective effects, and DMSO
with the volume equal to the highest concentration of AO-2 was
added as the vehicle control in each experiment.

Rabbit monoclonal antibodies against caspase-3, p38, Akt and
S6K were purchased from Cell Signaling Technology; a-tubulin was
from Sigma-Aldrich; GAPDH was from Abcam; Anti-Microtubule-
Associated Protein 2 (MAP2) antibody and LY294002 were from
Millipore; Torin1 was from Tocris; 20, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), dimethyl-sulfoxide
(DMSO) and curcumin were from Sigma-Aldrich.

2.2. Preparation of oligomerized Ab1e42

Ab1-42 was purchased from rPeptide and was dissolved in
phosphate-buffered saline (PBS) at a concentration of 1 mM. Prior
to the treatment, peptides were preincubated at 37 �C for 7 days to
promote aggregation and then diluted in medium to desired con-
centrations as described previously [17]. Soluble oligomerized Ab1-
42 peptides (equivalent to 1 mM peptides) were added to cells to
induce damaging effects.

2.3. Cell culture

PC12 cells were obtained from the American Type Culture
Collection (ATCC) and were cultured in Dulbecco's modified Eagle's
medium supplemented with 6% FBS, 6% HS and 1% penicillin/
streptomycin under a humidified atmosphere of 5% CO 2 and 95%
air at 37 �C. Cells were plated at 1 � 104 cells per well in 96 well
plates for cytotoxicity study, 3� 105/35mmdish for flowcytometry
and western blot analysis.

Primary hippocampal neurons were prepared from E18 Sprague
Dawley (SD) rat embryos as previously described [18]. Briefly, Rat
hippocampal neurons (1� 105 per coverslip) were plated on 18mm
coverslips coated with poly-D-lysine (1 mg/ml; Sigma) and fed with
0.2% B27 (Invitrogen), 1 mM L-glutamine (Life Technologies) and 1%
penicillin/streptomycin. All experimental procedures involving the
use of animals were approved by the Ethics Committee on Animal
Experiments at Jinan University, China, andwere strictly performed
according to the guidelines of the Care and Use of Laboratory
Animals.

2.4. Measurement of cell viability

PC12 cells were preincubated with AO-2 for 2 h and exposed to
1 mM Ab1-42 for 24 h, and cell viability was measured by MTT assay
as previously reported [16]. Briefly, MTT was added to each well for
4 h, and then the formazan was dissolved in DMSO. The optical
density (OD) values were detected at 595 nm in a multimode de-
tector (Beckman coulter). Cell viability was expressed as a per-
centage of the value against the control using the following
formula: Cell viability (%) ¼ (absorption of sample - absorption of
background)/(absorption of control - absorption of
background) � 100%.

2.5. Detection of apoptosis by flow cytometry

The protective effect of AO-2 against cell apoptosis was evalu-
ated using the Annexin V-fluorescein isothiocyanate (FITC)/propi-
dium iodide (PI) Apoptosis Detection Kit (Biouniquer Tech)
according to the manufacturer's instructions. Briefly, cells were
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harvested by centrifugation, washed twice with cold PBS and
resuspended in 1 � Annexin-binding buffer at a concentration of
1 � 106 cells/ml. After transferring to a 5 ml culture tube, Annexin
V-FITC and PI were added, and the cells were gently vortexed and
incubated at room temperature in the dark. Finally, 1 � Annexin-
binding buffer was added to each tube, and the samples were
mixed gently and kept on ice. The apoptosis rate was analyzed by
flow cytometry (Millipore) within 1 h.

2.6. TUNEL/DAPI double staining assay

Hippocampal neurons were plated at the density of 1 � 105/
coverslip. As previously described, a TUNEL/DAPI staining kit
(Roche) was used to determine cell apoptosis [16]. Briefly, cells
were fixed with 4% paraformaldehyde (Sigma-Aldrich), washed
with PBS, permeabilizedwith 0.1% sodium citrate and 0.1% Triton X-
100 for 2 min, followed by treatment with TUNEL reaction mixture.
The cells were imaged with Zeiss Axio Imager A2 microscope (Carl
Zeiss AG) and the numbers of TUNEL-positive (apoptotic) cells were
counted. The apoptosis rate (%) was counted by ImageJ software
(National Institutes of Health, Bethesda, Maryland, USA).

2.7. Western blotting analysis

Cells were washed with ice-cold PBS and were lysed in RIPA
buffer for 30 min on ice. Protein concentrationwas quantified using
the BCA assay kit. Samples were subjected to SDS-PAGE on 12% gel
and were transferred to PVDF membranes. The membranes were
probed with the indicated antibodies, followed by secondary anti-
bodies (Anti-Mouse and Anti-Rabbit antibodies, Cell Signaling),
Detection was performed using ECL Plus (GE Healthcare). The
density of bands was measured using Quantity One analysis
software.

2.8. Determination of intracellular ROS levels

The relative levels of ROS were examined as previously reported
[17]. Briefly, PC12 cells were seeded in 96-well plates at a density of
1 � 104 cells/well and incubated for 24 h. AO-2 was added for 2 h,
then co-incubated with 1 mMAb1-42 for 24 h. One hour prior to AO-
2 treatment, PI3K inhibitor (LY294002, 10 mM) and mTOR inhibitor
(Torin1, 50 nM) were added to cells. Afterwards, 20, 70-dichloro-
fluorescin diacetate (DCFH-DA; 5 mM; Life Technologies) was added
and incubated for 30 min in the dark, followed by washing with
DPBS. The ROS levels were determined at excitation and emission
wavelengths of 488 nm and 528 nm, respectively, by a DTX880
multimode detector (Beckman Coulter, Brea, CA, USA).

2.9. Morphological analysis of dendrites

Hippocampal neurons were exposed to AO-2 for 2 h, followed by
co-treatment of AO-2 and Ab1-42 for 24 h. Neurons were stained
with the dendrite marker MAP2. For inhibitor treatment assay,
hippocampal neurons were pretreated with 10 mM LY294002 and
50 nM Torin1 for 60min, followed by AO-2 treatment for 2 h. Ab1-42
was then added to the hippocampal neurons for 24 h. Dendrites
were visualized by immunostaining with MAP2. The number of
positive cells was counted from photographs obtained by Zeiss 700
confocal microscope (Carl Zeiss AG). Ten fields per coverslip in
three separated experiments were selected. Total dendritic branch
points were counted by using ImageJ software.

2.10. Statistical analysis

All statistical analyses were performed using Graphpad Prism 5
and all data were expressed as mean ± standard error of the mean
(SEM). Each experiment was repeated at least three times. One-way
ANOVA followed by Bonferroni's Multiple Comparison Test was
used.

3. Results

3.1. Ab1e42-induced cytotoxicity was attenuated by AO-2

To test the nontoxic dosage of AO-2 treatment, the effects of AO-
2 at a range of concentrations (0.5e8 mM) on cell viability of
PC12 cells were measured, and the results showed that AO-2 at
0.5e4 mM had no obvious cytotoxicity after treatment for 24 h
(Fig. 1B). These concentrations were consistent with those used for
neurite outgrowth in neuroblastoma cells and hippocampal neu-
rons [16]. To examine whether AO-2 could protect PC12 cells from
Ab1e42 toxicity, cells were preincubatedwith 0.5e4 mMAO-2 for 2 h
and exposed to 1 mM Ab1e42 for 24 h. The viability of PC12 cells
decreased to only ~60% of the control group after 24 h treatment
with 1 mMAb1e42 (Fig. 1C). However, cells pretreated with AO-2 had
increasingly restored viability along with the increase of AO-2
concentration, i.e., 73.42% ± 3.91%, 76.55% ± 2.90%,
76.92% ± 2.69% and 81.76% ± 3.35% viability comparing to the
control group when the concentration of AO-2 was 0.5, 1, 2, 4 mM,
respectively (Fig. 1C). Therefore, AO-2 pretreatment significantly
ameliorated Ab1-42-induced toxicity in a dose-dependent manner.

3.2. AO-2 protects against Ab1-42-induced apoptosis

Ab1-42 induced cell injury eventually leads to neuronal death.
We used Annexin V/propidium iodide (PI) double labeling method
followed by flow cytometry to determine apoptotic and necrotic
cells. Apoptotic cells are labeled by Annexin V, which binds to the
apoptotic marker phosphatidylserine at outer leaflet of the plasma
membrane; whereas necrotic or dead cells are labeled by PI, which
binds to nuclei acid and is impermeable to viable cells (Fig. 2A). The
results showed that 4 mM AO-2 pretreatment totally blocked cell
apoptosis and necrosis induced by Ab1-42 in PC12 cells (Fig. 2B and
C). This anti-apoptotic effect of AO-2 was equivalent to curcumin
(10 mM), awell knowneuroprotective compound that is structurally
similar to AO-2 [21].

To test whether AO-2 acts against the apoptotic effect of Ab1-42
in hippocampal neurons, we evaluated DNA damage-induced
apoptosis using TUNEL staining. Ab1-42 treatment led to more
apoptosis as indicated by increased TUNEL labeling (26.34%
comparing to 15.54% in control). Similar as what was observed in
PC12 cells, pretreatment of AO-2 (4 mM) exhibited neuroprotective
effects which restored normal apoptotic rate in hippocampal neu-
rons (Fig. 2D and E).

3.3. AO-2 inhibits Ab1-42 induced caspase-3 activation through
PI3K-Akt-mTOR pathway

Activation of caspase pathway is a critical event during
apoptosis. Hence, we measured the expression of the cleaved
caspase-3, which indicates the level of caspase activation. Ab1-42
triggered elevated cleavage of caspase-3, whereas 4 mM AO-2 or
10 mM curcumin pretreatment totally reversed the upregulated
cleaved caspase-3 back to normal levels (Fig. 3A and B).

Activation of the mitogen-activated protein kinase (MAPK) p38
is closed related to apoptosis and caspase activation. P38 is also a
master kinase that triggers neuroinflammatory responses [19]. We
found that Ab1-42 induced p38 phosphorylation was totally
inhibited by AO-2 (Fig. 3A and C). Interestingly, the effect of 1 mM
AO-2 was comparable to 10 mM curcumin, and 2 or 4 mMAO-2 even



Fig. 2. AO-2 prevented Ab1-42 induced apoptosis. A. PC12 cells were pretreated with DMSO, 4 mM AO-2 or 10 mM Cur for 2 h followed by 1 mM Ab1-42 for 24 h. Quantification of
apoptotic cells (AVþ/PI� and AVþ/PIþ; B) and necrotic cells (AV�/PIþ; C). D, E. Apoptotic cell death was measured using TUNEL/DAPI double staining kit. Scale bar, 50 mm. Data are
expressed as mean ± SEM of three independent experiments. *P < 0.05 and **P < 0.01, Ab1-42 vs. CTL; #P < 0.05, ##P < 0.001, AO-2 þ Ab1-42 or Cur þ Ab1-42 vs. Ab1-42 alone.
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further reduced p38 phosphorylation. These results suggest that
AO-2 may have both anti-apoptosis and anti-inflammatory effects.

As PI3K-mTOR pathway has been shown important inmediating
neuroprotective effects of AO-1 [17], we asked whether this
signaling pathway also contributes to AO-2's effect. Indeed, Ab1-42
led to marked downregulation of both Akt and pS6K, a downstream
kinase of PI3K-Akt-mTOR pathway, whereas AO-2 prevented the
decrease of Akt and pS6K activities (Fig. 3D, G and H). Importantly,
addition of either PI3K inhibitor LY294002 or mTOR inhibitor Torin
1 totally blocked the effects of AO-2 on the inhibition of cleaved
caspase-3 (Fig. 3E, F, I and J). Thus, PI3K-mTOR pathway is impor-
tant for the neuroprotection effects of AO-2 against Ab1-42 induced
caspase-3 cleavage.
3.4. AO-2 prevents Ab1-42-induced ROS production and dendritic
abnormalities through PI3K-mTOR pathway

Oxidative stress caused by augmented accumulation of intra-
cellular ROS is one of the main causes of neuronal death in AD [20].
To investigate whether AO-2 has an antioxidant activity against Ab,
we evaluated ROS production after AO-2 was co-treated with Ab1-
42. The accumulation of ROS was detected by DCFH-DA assay, which
measures intracellular ROS by the conversion of DCFH-DA into the
fluorescent probe DCF. After exposure to Ab1-42, ROS levels
increased ~50% comparing to control (Fig. 4A). In contrast, treat-
ment of AO-2 at 0.5e4 mM or curcumin at 10 mM totally restored
ROS production to normal levels, suggesting that AO-2 has strong
antioxidant effect against Ab1-42. Importantly, the ROS inhibition by



Fig. 3. AO-2 inhibits cleaved caspase-3 (C-Casp-3) and phosphorylation of p38 induced by Ab1-42. Cells were pretreated with LY294002 (LY) or Torin-1 for 1 h and then exposed to
AO-2 for 2 h, followed by 1 mM Ab1-42 for 24 h. A. Caspase-3 (Casp-3), C-Casp-3, p38 and phosphorylated p38 (p-p38) levels were detected by western blotting. B, C. Data are
presented as C-Casp-3 or p-p38 band densities normalized to a-tubulin or GAPDH. D. AO-2 reversed Ab1-42-induced downregulation of Akt and pS6K. Total and phosphorylated
proteins were all detected by western blotting. E, F. PC12 cells were stimulated with Ab1-42 (1 mM) in the presence of DMSO or AO-2 (4 mM) with LY294002 (LY), Torin-1 or DMSO
prior to AO-2. After 24 h, the levels of C-Casp-3 were measured by western blot analysis. (B, I and J) Data are presented as C-Casp-3 band densities normalized to a-tubulin. (C, G and
H) Data are presented as p-p38/p-Akt/p-pS6K band densities normalized to p38/Akt/pS6K, respectively. For B, C, I and J, **P < 0.01, Ab1-42 vs. control; ##P < 0.01, ###P < 0.001, Ab1-
42 þ AO-2 or Cur vs. Ab1-42 alone; &P < 0.05, Ab1-42þAO-2þinhibtor vs Ab1-42þAO-2. For G and H, **P < 0.01, Ab1-42 vs. control; #P < 0.05, Ab1-42 þ AO-2 vs. Ab1-42 alone. Results
were obtained from three separate experiments. Data are shown as mean ± SEM.
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AO-2 was via activation of PI3K-mTOR pathway, as either LY294002
or Torin 1 blocked AO-2's effect (Fig. 4B).

During early pathogenesis of AD, Ab1-42 is believed to cause
dendritic and synaptic impairments in hippocampal neurons [22].
So we detected the protective effect of AO-2 on Ab1-42-induced
dendrite injury. Ab1-42 treatment in hippocampal neurons (7 DIV)
for 24 h induced a marked atrophy of dendrites, indicated by the
decrease of dendritic branches (Fig. 4C). When AO-2was pretreated
for 2 h, followed by co-treatment of AO-2 and Ab1-42 for 24 h, the
dendrite morphology was substantially restored (Fig. 4C). Consis-
tent with previous findings, addition of LY294002 and Torin1
totally blocked the effect of AO-2 on dendrite protection. These
results together suggest that PI3K-Akt-mTOR pathway essentially
contributes to AO-2 mediated protective effects against Ab1-42
induced neuronal injuries.
4. Discussion

In the present study, we found that a natural diarylheptanoid
AO-2 significantly alleviated neuronal injuries induced by Ab1-42.
Ab1-42-induced ROS production, apoptosis and necrosis in
PC12 cells were all prevented by AO-2. Both cleaved caspase-3 and
p-p38 were restored to normal levels after AO-2 treatment,
suggesting AO-2 may prevent cell damage and apoptosis by
inhibiting caspase-3 and p38 activation by Ab1-42. In hippocampal
neurons, we similarly observed potent protective effects by AO-2,
which blocked the damaging effects of Ab1-42 on neuronal
apoptosis and dendrite atrophy. Moreover, we showed that AO-2
prevented the downregulation of PI3K-mTOR pathway induced
by Ab1-42, and the neuroprotective effects of AO-2, including anti-
caspase cleavage, antioxidation and dendrite protection, were all
dependent on PI3K-mTOR mediated pathways. These findings
demonstrate on the cellular levels that AO-2 is a new anti-Ab
compound that may be beneficial for drug development of AD.

Our previous study showed that PI3K-Akt-mTOR pathway is
involved in the anti-caspase and dendrite protective effects of AO-1,
an analogue of AO-2 [17]. Shown in this study, PI3K-Akt-mTOR is
also critical for the protective effects of AO-2. Moreover, p38 inhi-
bition is a newly reported beneficial effect of this diarylheptanoid
family in neuronal cells. P38 activation is known to be linked with
AD because it can both crosslink with caspase activation to trigger
apoptosis and act as a master kinase to cause neuroinflammation
[23,24]. As AO-2 potently inhibits p38 phosphorylation, it will be
important to delineate whether AO-2 also affects inflammation.
Moreover, how AO-2 acts on p38 and PI3K-mTOR pathways awaits
further investigation.



Fig. 4. AO-2 prevents Ab1-42-induced generation of reactive oxygen species (ROS) and dendritic impairments. A. Cells were exposed to Ab1-42 (1 mM) or pretreated with various
concentrations of AO-2 (0.5, 1, 2 or 4 mM) for 2 h before exposure to Ab1-42 (1 mM) for 24 h. Formation of ROS was assayed by measuring the fluorescence of dichlorofluorescein
(DCF). **P < 0.01, Ab1-42 vs. CTL; #P < 0.05, ##P < 0.01 and ###P < 0.001, AO-2 þ Ab1-42 or curcumin (Cur) þ Ab1-42 vs. Ab1-42 alone. B. PC12 cells were pretreated with LY294002 (LY;
10 mM) or Torin-1 (50 nM) for 1 h and exposed to Ab1-42 (1 mM) or pretreated with 4 mM AO-2 for 2 h before exposure to Ab1-42 (1 mM) for 24 h. ROS level was detected by measuring
the fluorescence of dichlorofluorescein (DCF). C. Hippocampal neurons (DIV 7) were pretreated with LY294002 (LY) or Torin1 for 60 min, followed by AO-2 (4 mM) for 2 h. Ab1-42
(1 mM) peptides were then added for 24 h. One hour prior to AO-2 treatment, LY294002 (LY) and Torin1 were added to cells. Dendrites were shown by MAP2 staining. Scale bar,
20 mm. D. Total dendrite branches were counted. **P < 0.01 and ***P < 0.001, Ab1-42 vs CTL; #P < 0.05, ##P < 0.01 and ###P < 0.001, Ab1-42/Cur þ AO-2 vs Ab1-42 alone; &P < 0.05,
&&P < 0.01 and &&&P < 0.001, Ab1-42þAO-2þ LY/Torin1 vs Ab1-42þAO-2. 20e30 neurons from three independent experiments in each group were examined. Error bars were
mean ± SEM.

H. Xiao et al. / Biochemical and Biophysical Research Communications 484 (2017) 365e371370
Although many pharmacological compounds with anti-
oxidative or anti-apoptotic activity are demonstrated to exhibit
protective effects against Ab induced neuronal injury in in vitro and
in vivo studies, natural products represent unique advantages.
Curcumin, a natural diarylheptanoid, is a promising compound in
the treatment of AD [25,26]. Curcumin significantly reduces Ab-
induced neurotoxicity through the inhibition of oxidative damage
[27,28]. Various analogues of curcumin exhibit activities very
similar to those of curcumin, however whether they are more
effective than curcumin has not been established [29]. AO-2
showed similar effects as curcumin did in both anti-apoptosis and
antioxidation, even better effects in p38 inhibition (Fig. 2A and B;
Fig. 3AeC; Fig. 4A). Considering that the concentration used for AO-
2 (0.5e4 mM)was lower than curcumin (10 mM), it may suggest that
AO-2 is a potentially promising compound that is worthwhile for
further in vivo anti-Ab studies.
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