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Abstract: Amyloid beta (AB) accumulation is a key pathological feature of Alzheimer’s disease (AD). AB leads to
increased oxidative stress and mitochondrial damage of neuron cells. The ATP production is insufficient in dys-
functional mitochondria, and then causes the release of cytochrome C, ultimately leading to the activation of cas-
pase enzyme and neuron apoptosis. Nevertheless, AB-induced neurotoxicity can be weakened by the increase in
autophagy. Polydatin, a derivative of resveratrol, was reported to alleviate myocardial ischemia-reperfusion injury
by upregulating autophagy and removing the dysfunctional mitochondria. Polydatin was also shown to be a mito-
chondria protector in acute ischemic neuronal injury. However, whether polydatin could prevent AB-induced neuron
cell apoptosis through regulating autophagy and dysfunctional mitochondria clearance is still unclear. This study
is to explore the effect and mechanism of polydatin in protecting neuron cells. Neuron cells were treated with poly-
datin and AB. Flow cytometry analysis of Annexin V-PI cells were conducted to measure cell apoptosis. The proteins
related to mitochondria apoptosis were measured by western blot. The activation of autophagy pathway in neuron
cells was assessed by evaluating the expression levels of autophagy marker proteins. The role of autophagy in the
anti-apoptotic function of polydatin was evaluated through using autophagy inhibitor. The determinations of mito-
chondrial membrane potential, ATP concentration, and reactive oxygen species (ROS) were used to evaluate the
change of integrity and function of mitochondria. A preliminary mitochondrial autophagy was assessed by western
blot analysis of the loss of mitochondria related proteins. Polydatin strongly inhibited AB-induced neuron cell apopto-
sis, which was related with the repression of mitochondrial apoptosis. Polydatin induced cell autophagy through the
activation of AMPK/mTOR pathway. Autophagy inhibition partially abolished the anti-apoptotic function of polydatin.
Treatment with polydatin effectively prevented the AB-induced reduction of mitochondrial membrane potential and
ATP, and the production of ROS, H,0,, and superoxide anion, suggesting that polydatin could prevent the structure
and function of mitochondria from being damaged. In addition, polydatin treatment led to the loss of AB-induced
mitochondrial related proteins, which means polydatin might promote mitochondria autophagy (mitophagy) and fa-
cilitate the clearance of damaged mitochondria, further prevented dysfunctional mitochondria-induced neuron cell
apoptosis. In conclusion, polydatin prevented AB-induced neuron cell apoptosis by promoting autophagy, mitochon-
dria clearance, and oxidative stress reduction, serving as a potential natural product for AD prevention.
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Introduction

Alzheimer’s disease (AD) is a chronic neurode-
generative disease and the most common ca-
use of dementia. The typical clinical feature of
AD is progressive cognitive changes including
memory loss, personality changes, impaired
executive function, and a progressive inability
to perform the activities of daily living [1-3].
AD has been hypothesized to begin decades
before the first symptoms manifest [4]. There-

fore, studies on well-validated biomarkers of
AD and the development of effective therape-
utics are urgently required. The neuropathologi-
cal hallmarks of AD are extracellular amyloid-
B (AB) proteins accumulation in the form of
senile plaques and intraneuronal hyperphos-
phorylated tau (microtubule-associated prote-
in tau, MAPT) aggregates (neurofibrillary tan-
gles) followed by neuronal cell death [1-3]. AR
plays a central role in the pathogenesis and
progression of AD [5]. Accumulation of AB is an
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important issue in AD progression, because
intracellular AB has toxic effects in neuron
cells. Since accumulation of amyloid in the br-
ain takes place over many years and typically
precedes tau tangles by a decade or more, con-
trolling AB-induced neuronal toxicity opens the
gate for AD therapy [6-9].

Ab is a 4 kDa peptide, generated by abnormal
cleavage of amyloid-precursor protein (APP) in
AD neurons [10]. Accumulation of AR aggre-
gates eventually triggers a cascade of cellular
changes, including mitochondrial oxidative da-
mage, the hyperphosphorylation of tau, synap-
tic failure and inflammation. Recent studies pr-
oved that AP is associated with mitochondria
dysfunction in AD [11-15]. Moreover, AB is
shown to accumulate in mitochondria of both
human and model mice AD brains [16-24].
Mitochondrial failure and dysfunction are an
early sign of AD [25]. AB increases cellular reac-
tive oxygen species (ROS) level, which particu-
larly leads to mitochondria damage [26]. AB
accumulates in synapse and synaptic mito-
chondria, leading to mitochondrial dysfunction
and synaptic degeneration in AD neurons. Mi-
tochondria dysfunction leads to increased
ROS production, abnormal intracellular calci-
um levels and reduced mitochondrial ATP [15].
Mitochondria are both generators of and tar-
gets for reactive species [27]. AD cell lines wi-
th increased Ab production and mitochondrial
dysfunction exhibited lower cytochrome oxi-
dase activity, elevated free radical production
and oxidative stress markers, altered calcium
homeostasis, reduced mitochondrial membr-
ane potential, and changed apoptosis path-
ways [28]. In healthy cells, mitochondrial dy-
namics is well maintained and essential for cell
survival. However, in AD cells with AB-induced
oxidative stress and mitochondrial dysfunc-
tion, the dynamics of mitochondria is imbal-
anced, resulting in structural and functional
abnormalities leading to neuron cell apoptosis
[15]. Removal of dysfunctional mitochondria or
reduced oxidative stress is essential for mito-
chondrial dynamics maintenance and neuron
cell protection.

Mitochondria turnover is dependent on auto-
phagy, which is frequently dysfunctional in ne-
urodegenerative disease [29]. Autophagy is a
dynamic and protective cellular process for the
lysosomal degradation and continuous remo-
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val of protein aggregates and damaged cell
organelles to maintain cellular homeostasis
[30]. It has been proven that autophagy pro-
tects the degenerating neurons via the remo-
val of toxic proteins and defects in autophagy
contribute to neurodegeneration [31, 32]. Au-
tophagy was demonstrated to play critical role
in AD-pathogenesis by affecting neuronal dea-
th [33, 34]. Finding a proper way to activate
autophagy leading to effective dysfunctional
mitochondria clearance holds great promise
for AD therapy.

Polydatin, a derivative of resveratrol, was re-
ported to alleviate myocardial ischemia-reper-
fusion injury by upregulating autophagy and
removing the dysfunctional mitochondria [35].
Polydatin was also shown to be a mitochond-
ria protector in acute ischemic neuronal injury
[36]. However, whether polydatin could prevent
AB-induced neuron cell apoptosis through regu-
lating autophagy and dysfunctional mitochon-
dria clearance is still unclear. In this study, we
investigated how polydatin protected neuron
cell from AB-induced oxidative stress and mito-
chondria dysfunction.

Methods and materials
Cell culture

Human neuroblastoma cell lines SH-5Y5Y and
SK-N-SH were obtained from the American
Type Culture Collection (ATCC). SH-5Y5Y was
maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM, Gibco, Invitrogen). SK-N-SH was
cultured in MEM (Gibco, Invitrogen). Both medi-
um were supplemented with 10% (v/v) FBS
(Gibco, Invitrogen), 2 mM GlutaMAX (Gibco,
Invitrogen), and 1% penicillin-streptomycin (Gi-
bco, Invitrogen). Cells were maintained at 37°C
in a humidified incubator containing 5% CO,,.

Apoptosis analysis

Apoptotic cells were collected and detected by
Annexin V Apoptosis Detection Kit APC (eBios-
cience) and analyzed by FACS Calibur. Briefly,
1068 cells were washed and resuspended in 1x
Binding Buffer. Fluorochrome-conjugated An-
nexin V was added to the cell suspension and
incubated at room temperature for 10 minutes.
Cells were washed with 1x Binding Buffer.
Propidium lodide was added before flow cytom-
etry analysis.
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Cellular fractionation

Cells were collected are mitochondria were
isolated using a Mitochondria Isolation Kit
(Thermo Scientific, USA) according to the man-
ufacturer’s instructions. Briefly, cells were re-
suspended with Mitochondria Isolation Rea-
gent A, vortexed and incubated on ice for 2 min-
utes. Then cells were homogenized, and Mi-
tochondria Isolation Reagent C added to the
homogenates, followed by centrifuged at 700 g
for 10 min. The supernatant fractions were cen-
trifuged at 3000 g for 15 min and the resultant
pellets stored as mitochondrial fractions.

Western blot

The cytosol and mitochondrial protein extrac-
tions were separated by SDS-PAGE and trans-
fected to a PVDF membrane (Millipore). The
membrane was blocked with 5% (w/v) reagent-
grade nonfat milk (Cell Signaling Technology)
and incubated with primary antibodies at 4°C
overnight followed by secondary antibody incu-
bation. The protein bands were visualized using
Clarity™ Western ECL substrate (Bio-Rad). The
protein level was quantified using Image J soft-
ware. Cytosol and mitochondrial fractions were
normalized with B-actin (cytosol) and Hsp60
(mitochondria), respectively.

Mitochondrial membrane potential detection

The change in mitochondrial membrane po-
tential (MMP) was measured by JC-1 Mito-
chondrial Membrane Potential Detection Kit
(Molecular Probes Eugene, USA). The JC-1 ac-
cumulates in intact mitochondria to form J-
aggregates (red fluorescence) indicating high
or normal MMP. Low MMP was indicated when
JC-1 remains in the cytoplasm in monomeric
form in the cytoplasm to show green fluores-
cence. Cells were incubated in culture medium
containing 10 uM JC-1 at 37°C for 15 min,
washed with PBS, and then transfected to a
96-well plate. JC-1 aggregate fluorescent emis-
sion was measured at 583/26 nm with an ex-
citation at 488 nm. JC-1 monomer fluorescen-
ce intensity was measured with excitation and
emission at 488 nm and 525/30 nm res-
pectively.

Cellular ATP determination

The cellular ATP levels were measured by
CellTiter-Glo kit (Promega, USA) according to
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the manufacturer’s instructions. CellTiter-Glo
reagent was added to cell suspensions and
incubated for 10 min to stabilize the lumines-
cent signal. The luminescence was measured
by an automatic microplate-reader (Spectra-
Max, CA).

Measurement of intracellular ROS content

Intracellular ROS was determined with 2,7-
dichlorofluoresein diacetate (DCFH-DA) (Sima-
Aldrich, USA). ROS mediates the conversion
of non-fluorescent DCFH-DA into fluorescent
DCFH. Cells were incubated with culture medi-
um containing 20 yM DCFH-DA for 30 min at
37°C and washed with PBS three times. The
cells were collected and analyzed by FACS
Calibur (Becton Dickinson).

Determination of hydrogen peroxide

H,0, was measured by an Amplex red hydrogen
peroxide assay kit (Molecular Probes). In brief,
the collected cells were lysed by repeat freeze-
thawzing. The supernatant was collected after
centrifugation, and reacted with Amplex red
(100 pM) and horseradish peroxidase (0.2 unit/
ml) for 30 min at room temperature. The absor-
bance was measured at 560 nm.

Superoxide anion release analysis

Superoxide anion production was measured
using the superoxide dismutase-inhabitable
(SOD-inhabitable) cytochrome reduction. 500
pl culture medium was mixed with 50 pl 40 uM
cytochrome ¢ (Sigma-Aldrich, USA), and then
250 pl Hank’s balanced salt solution was
added. The mixture was incubated with or with-
out 50 pl SOD (100 pg/ml) at room tempera-
ture for 10 min. The absorbance was detected
spectrophotometrically at 550 nm.

Statistical analysis

All data are presented as the mean + SD and
derived from at least three independent experi-
ments. Statistical analysis was performed by
SPSS 18.0 software (SPSS, Chicago, IL) and
GraphPad Prism Software (GraphPad Software,
InC., San Diego, CA). For all comparisons, dif-
ferences were considered significant when
P<0.05.
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Figure 1. Polydatin treatment inhibits AB-induced apoptotic signaling by regulating mitochondrial apoptotic path-
ways. A: Neuronal cell lines SH-SY5Y and SK-N-SH were pre-treated with polydatin for 12 h in a dose-dependent
manner (0.2 and 0.4 g/I), then exposed to 10 um AR (25-35) for 6 h. Cell death was measured by FACS analysis
of Annexin V-PI staining. B: The subcellular fractions were separated from cytosol and mitochondria. The apoptotic
proteins were analyzed by Western blot assay. The cytosol proteins were normalized with B-actin, while the mito-
chondria proteins were normalized with HSP60. C: The protein quantification results were shown. Error bars indicate

s.d.. **: P<0.01, *: P<0.05, Student’s t-test.

Results

Polydatin treatment inhibits AB-induced
apoptotic signaling by regulating mitochondrial
apoptotic pathways

To uncover the function of polydatin (PD) in
Ab-induced neuron cell degeneration, we pre-
treated SH-SY5Y and SK-N-SH neuronal cells
with polydatin (12 h) in a dose-dependent man-
ner followed by exposure to 10 uM A (25-35)
for another 6 hours. The apoptotic cells were
measured by Annexin V-Pl assay. As the results
shown, AB-treated cells underwent prominent
cell apoptosis (Figure 1A). Meanwhile, pretreat-
ment with polydatin largely reduced AB-induced
apoptosis, which showed a dose-dependent
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manner (Figure 1A). To further elucidate the
mechanism by which polydatin reduced ApB-
induced apoptosis, we isolated proteins from
cytosol and mitochondria respectively and an-
alyzed apoptotic-related protein levels after
polydatin treatment. As shown by western blot,
cleaved-capase3/9, Cyto c, cleaved-PARP in
cytosol were up-regulated by AB and then
reduced upon polydatin treatment, suggested
polydatin indeed inhibited AB-induced apopto-
tic signaling pathway (Figure 1B and 1C). Int-
riguingly, polydatin treatment significantly alle-
viated mitochondrial Bax level rather than whi-
ch in cytosol (Figure 1B and 1C). Taken togeth-
er, polydatin inhibits AB-induced apoptotic sig-
naling possibly by regulating mitochondrial ap-
optotic pathways.

Int J Clin Exp Med 2017;10(11):15250-15259



Polydatin prevents AB-induced neuron cytotoxicity

A
SH-SY5Y SK-N-SH
Polydatin (@) — — 02 04 — — 02 04
A=+ + 4+ =+ + 4

LG | = e o o |-16114
Beclin | [ = e wmm] [ - — -
factin [eme e — — ———-_{)

C Polydatin

I+

ComC —
MHY1485 —
P-AMPK [ =~ e

AMPK [ o c a e = | -62

P-ACC [ e e et e |-280

ACC[-———--—]-ZSO

p-mTOR[[—— — === e —— ]-289

MTOR [ e— — a—a—a— | -289

| DLOK ) [ [P— ) [

LC3 1l — -14

B-actin [— — —— ——] 42
A B C D E F

Relative protein level

o

Relative protein expression

5.
. 3 Vehicle Bl A O3 Ap+PD
_ e
3" ## A
2-.
o #i
*k L
14 g ﬂ e ok
LAl ol
LC311/1 Beclin 1 LC311/1 Beclin 1
SH-SY5Y SK-N-SH
1.59

3 p-AMPK/AMPK 33 p-mTOR/mTOR
Wl p-ACC/ACC @ 13un

%

-
>
'

% -

=
in
1

o
=
b

ABCDEF ABCDEF ABCDEF ABCDEF

Figure 2. Polydatin induces autophagy via AMPK/mTOR pathway. A: The autophagy-related proteins were measured
by western blot assay. Cells were pretreated with polydatin and then with AB. B: The protein quantification results
were shown. Error bars indicate s.d.. **: P<0.01, *: P<0.05, Student’s t-test. C: The phosphorylation of AMPK and
mTOR was determined by western blot to study the activation of AMPK/mTOR pathway with or without AMPK in-
hibitor Com C and mTOR activator MHY1485 upon polydatin treatment. D: The protein quantification results were
shown. Error bars indicate s.d.. **: P<0.01, *: P<0.05, Student’s t-test.

Polydatin induces autophagy via AMPK/mTOR
pathway

Polydatin was previously found to inhibit mi-
tochondrial apoptotic pathway by enhancing
autophagy in multiple myeloma [37], we next
asked whether polydatin activated autophagy
in AB-treated neuronal cells. To study the effect
of polydatin on autophagy, the autophagy-relat-
ed proteins LC3I/I1l and Beclin 1 were detected
by Western blot. We found that polydatin treat-
ment elevated LC3Il and Beclin 1 (Figure 2A
and 2B), indicating that polydatin could induce
autophagy. Since AMPK/mTOR signaling path-
way played a crucial role in regulating autoph-
agy, we further investigated the effect of poly-
datin on AMPK/mTOR pathway. As determined
by Western blot, after polydatin treatment,
p-AMPK was up-regulated but p-mTOR was do
wnregulated (Figure 2C and 2D). Together treat-
ment with AMPK inhibitor compound C (Com C)
reduced AMPK activation and abolishes poly-
datin induced autophagy indicated by LC3lII
downregulation (Figure 2C and 2D). Moreover,
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when the cells were treated with MHY1485, an
mTOR activator, polydatin induced autophagy
was again reduced (Figure 2C and 2D). These
results indicated that polydatin induced auto-
phagy by activating AMPK and inactivating
mTOR signaling pathways.

Autophagy-mediated neuroprotection by poly-
datin

We next identified whether polydatin protect
neuronal cell apoptosis via inducing autophagy.
The autophagy inhibitors 3MA (10 mM) and
bafilomycin A1l (Baf, 200 nM) were used to fur-
ther verify the effect of PD on AB-treated neu-
ronal cells. Both 3MA and Baf blocked PD-
induced autophagy as shown by Annexin V-PI
(Figure 3A and 3B). Western blot indicated Baf
reversed PD-induced mitochondria Bax upre-
gulation, alleviated cytosol Bax levels (Figure
3C and 3D), while the effect on Cyto C expres-
sion was the opposite (Figure 3C and 3D). Baf
also abolished PD-induced apoptotic proteins
alleviation (Figure 3C and 3D). These data con-

Int J Clin Exp Med 2017;10(11):15250-15259
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Figure 3. Autophagy-mediated neuroprotection by polydatin. A: Neuronal cell lines SH-SY5Y and SK-N-SH were treated with polydatin, AB together with autophagy
inhibitor 3MA or bafilomycin (Baf). Cell death was measured by FACS analysis of Annexin V-PI staining. B: Cell death quantification was shown. C: The apopotic pro-
teins were measured by western blot assay. Cells were treated with polydatin, AB, together with 3MA or Baf. D: The protein quantification results were shown. Error
bars indicate s.d.. **: P<0.01, Student’s t-test.
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firmed that polydatin protected neuronal cells
from apoptosis by inducing autophagy.

Polydatin reduces mitochondria dysfunc-
tion and oxidative stress through promoting
mitophagy

We sought to investigate the effect of polydatin
on dysfunctional mitochondria and oxidative
stress. AB-treated neuron cells exhibited im-
paired mitochondrial membrane potential indi-
cated by increased JC-1 monomer level (Figure
4A). Polydatin treatment protected damaged
mitochondria shown by prominently JC-1 mono-
mer reduction (Figure 4A), which was revers-
ed when autophagy was inhibited (Figure 4A).
Polydatin treatment also increased ATP which
was down-regulated by AR through regulating
autophagy (Figure 4B). AB treatment signifi-
cantly up-regulated the level of oxidative prod-
ucts, including ROS, H,0, and superoxide
(Figure 4C-E). Polydatin alleviated AB-induced
oxidative production by activating autophagy
(Figure 4C-E). Furthermore, polydatin resulted
in the loss of mitochondrial proteins in AB-
treated cells, which was reversed by Baf (Fi-
gure 4F and 4G), suggested that polydatin
induced mitophagy. Taken together, we found
polydatin reduces mitochondria dysfunction
and oxidative stress through promoting mito-

phagy.

Discussion

AD is a progressive, neurodegenerative disor-
der. Oxidative stress and synaptic damage are
known to have an essential role in AD patho-
genesis. AB accumulation at synapses and mi-
tochondrial dysfunction lead to synaptic dam-
age, impair neurotransmission and cause cog-
nitive decline. It has been shown that A accu-
mulation promoted mitochondria dysfunction,
gradually leading to neuronal cell apoptosis
and degeneration. It is necessary to find a so-
lution to alleviate AB-induced neuron toxicity.
In this study, we found polydatin prevented
AB-induced neuron cell apoptosis by promoting
autophagy, dysfunctional mitochondria clear-
ance, and oxidative stress reduction.

Neurons contain the highly-specialized struc-
tures for intercellular communication with lim-
ited proliferation ability. Intracellular AR accu-
mulates in cell organelles, including mitoch-
ondria, and leads to neuronal cell death by
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increasing oxidative stress, causing mitochon-
dria damage and cellular toxicity. Demonstrat-
ing the interface between stress adaptation
and cell death is important for neurons mainte-
nance [26]. Autophagy has been proved to be
a major sensor of redox signaling and key re-
gulator for protecting neurons from death. Au-
tophagy is essential for preserving the balan-
ce between organelle biogenesis, protein syn-
thesis and their clearance. The cellular mito-
chondria are regulated in a highly dynamic way.
There is a balance between functional and
dysfunctional mitochondria [14]. In AD patients,
mitochondrial dynamics are impaired [38]. The
quick clearance of dysfunctional mitochondria
is important for keeping the normal mitochon-
drial dynamics. Autophagy is induced by vari-
ous stimuli and is considered as a survival
mechanism activated in adverse conditions to
maintain cell integrity. It has been demonstrat-
ed that autophagy has neuroprotective effect
in neurodegenerative diseases. In our study, AR
induced neuron cell death, which was abol-
ished upon polydatin treatment. The results
showed that polydatin reduced the expression
of apoptotic proteins including Bax, clCaspa-
se3/9. By further analysis, we found polydatin
treatment activates autophagy through regu-
lating AMPK and mTOR pathway. The AMPK pa-
thway was shown to be activated during res-
veratrol-induced autophagy process in cellular
models of PD [39]. Polydatin was reported to
regulate autophagy in multiple myeloma cells
through suppressing mTOR pathway [37]. The-
se data collectively proved that polyatin could
induce autophagy via regulating AMPK and
mTOR pathway in several disease systems.
Autophagy inhibitors 3MA and bafilomycin re-
versed polydatin-induced autophagy indicated
by upregulation of apoptotic related proteins.
These results together showed polydatin pro-
tect neuron cells from Ab-induced apoptosis via
inducing autophagy.

Mitochondrial dysfunction has been implicated
in AD pathogenesis. Recent research revealed
that AB accumulates in synaptic mitochondria,
leading to abnormal mitochondrial dynamics
and synaptic degeneration in AD neurons.
Drugs regulating mitochondrial dynamics will
help to improve AD. Our study showed that
polydatin enhanced the clearance of damaged
mitochondria by inducing mitophagy. We found
that treatment with polydatin effectively pre-

Int J Clin Exp Med 2017;10(11):15250-15259
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Figure 4. Polydatin reduces mitochondria dysfunction and oxidative stress through promoting mitophagy. A: Mito-
chondrial membrane potential was measured by the quantification of JC-1 monomer. B: Cellular ATP content was
quantified by CellTiter Glo. C: ROS level was determined using FACS analysis of DCFDA staining positive cells. D:
Intracellular H,0, production was measured and quantified. E: Superoxide anion release was quantified. F: Mito-
chondrial proteins were isolated and autophagy-related proteins were detected by western blot. G: The protein quan-
tification results were shown. Error bars indicate Error bars indicate s.d.. **: P<0.01, *: P<0.05, Student’s t-test.

vented the AB-induced reduction of mitochon-
drial membrane potential and ATP, and the pro-
duction of ROS, H,0,, and superoxide anion,

suggesting that polydatin could protect mito-
chondria dynamics by inducing mitophagy.

Conclusion

In summary, our study demonstrated that po-
lydatin prevented AB-induced neuron cell apo-
ptosis by promoting autophagy, mitochondria
clearance, and oxidative stress reduction, serv-
ing as a potential natural product for AD pre-
vention. Polydatin was shown here to be a na-
tural antioxidant and effective mitochondrial
therapeutic to protect neuron cells from AB
accumulation induced cell death and neurode-
generation. We also elucidated the mechanism
how polydatin works, by which polydatin induc-
es autophagy via regulating AMPK/mTOR path-
ways. Taken together, our study provided a new
approach for AD therapy.
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