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The abnormal proliferation and neurogenesis of neural progenitor cells (NPCs) is usually associated with
the pathophysiology of neurodegenerative disorders such as Alzheimer’s disease (AD). Mitochondrial
stress is one of the most prominent features of AD and is thought to be involved in the impairment of the
neurogenesis and proliferation of NPCs. Thus, restoring mitochondrial function by pharmaceutical
intervention may alleviate disease-related defects in neurogenesis and is considered a potential thera-
peutic strategy for AD. In the present study, we found that the oral administration of PL201A, a designed
analog of phenylpropanoids, which are a family of natural products with antiaging effects, promoted the
neurogenesis and proliferation of NPCs and ameliorated cognitive impairment in a transgenic mouse
model of AD. Furthermore, PL201A attenuated amyloid-beinduced mitochondrial stress and promoted
NPC proliferation in vitro. Further mechanistic studies showed that PL201A restored the activation of
AMP-regulated protein kinaseeretinoblastoma signaling, which was suppressed by amyloid-b. Our
findings suggest that PL201A may represent a promising regenerative therapeutic agent for cognitive
decline in neurodegenerative diseases.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that is characterized by deteriorating memory (Shabestari
et al., 2016). The formation of amyloid-b (Ab) plaques and neuro-
fibrillary tangles containing the tau protein as well as neuronal and
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synaptic loss, are the main pathological characteristics of AD (Das
et al., 2014; DeToma et al., 2014).

In the adult mammalian brain, neurogenesis occurs throughout
life to maintain neural networks. In hippocampus, neurogenesis
starts with generating neural progenitor cells (NPCs) from
NestinþSOX2þGFAPþ radial glia-like cells in the subgranule zone in
dentate gyrus. After several rounds of proliferation, these NPCs
become neuroblasts and further develop into immature neurons
expressing doublecortin, which subsequently migrate into the
granular cell layer and give rise to NEUN-positive mature dentate
granule neurons (Goncalves et al., 2016). Evidence has demon-
strated that adult hippocampal NPC proliferation and neurogenesis
are dysregulated in AD patients and animal models, contributing to
cognitive decline in AD (Boekhoorn et al., 2006; Crews et al., 2010;
Feng et al., 2001; Li et al., 2008). Therefore, restoring endogenous
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NPC proliferation and neurogenesis may provide a promising
therapeutic target for AD treatment.

Mitochondria play a central role in energy metabolism by pro-
ducing adenosine triphosphate (ATP) via the electron transport chain
and oxidative phosphorylation and are critically involved in the
process of neurogenesis (Beckervordersandforth et al., 2017; Khacho
and Slack, 2018; Schon and Przedborski, 2011). Mounting evidence
has shown that mitochondrial function is impaired during AD
pathogenesis in patients and transgenic mouse models (Hirai et al.,
2001; Manczak et al., 2011; Pedros et al., 2014). Furthermore, Ab
has been found to be localized in mitochondria and to impair
mitochondrial dynamics and bioenergetics (Chiang et al., 2016; Cho
et al., 2009; Lustbader et al., 2004; Pagani and Eckert, 2011; Wang
et al., 2008, 2009). Moreover, given that restoring mitochondrial
function with pharmacological agents ameliorates age-related neu-
rogenesis defects and cognitive impairments, it is possible that such
mitochondrial-affecting agents can promote neurogenesis and alle-
viate AD pathogenesis (Beckervordersandforth et al., 2017; Puri,
2017).

Natural products provide a rich resource for the discovery of
new drug leads because of their unique structures and properties
(Newman and Cragg, 2016). However, for several reasons, such as
their low content in herbs, their application is limited; therefore,
synthetic strategies are applied to overcome these problems. Phe-
nylpropanoids, which are reported to exert antiaging effects, are a
family of natural products synthesized by plants (Gao et al., 2015;
Grond et al., 2000; Kim, 2010). As a widely studied phenyl-
propanoids, quercetin has been revealed to inhibit cell oxidation
and inflammation and to minimize the progression of neurode-
generative diseases such as AD and PD (Kolaj et al., 2018). Couma-
rins are another important class of phenylpropanoids, and they
have been reported to inhibit acetylcholinesterase activity and
ameliorate AD progression (Anand et al., 2012). In this study, we
reported that PL201A, a designed analog from phenylpropanoids,
ameliorated cognitive impairments and enhanced NPC prolifera-
tion and neurogenesis in transgenic AD mice. Moreover, we found
that PL201A attenuated Ab-associated mitochondrial dysfunction
and NPC proliferation defects in human NPCs. Further mechanistic
studies revealed that Ab-induced dysregulation of the AMP-
activated protein kinase (AMPK) pathway is restored by PL201A.
Collectively, our data suggest that PL201A can serve as a regener-
ative therapeutic agent for cognitive decline in neurodegenerative
diseases.
2. Methods

2.1. Animals

APP/PS transgenic mice (Jackson Laboratory, stock number
004462) coexpress chimeric mouse/human APP containing the
K595N/M596L Swedish mutations (APPswe) and mutant human
PS1 with a deletion of exon 9 (PS1DE9) under the control of mouse
prion promoter elements. These mice were maintained and geno-
typed according to the guidance provided by Jackson Laboratory.
Gender- and age-matched wild-type (WT) littermates were used as
controls. The experimental procedures for the use and care of the
animals were approved by the Ethics Committee of the Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences. All
mice were given ad libitum access to food and water.
2.2. General synthesis methods

All reactions were carried out under nitrogen or argon with
anhydrous solvents in flame-dried glassware, unless otherwise
noted. The chemicals used were reagent grade as supplied, except
where noted.

2.3. Synthesis of PL201A

Rhamnopyranosyl trichloroacetimidate (Angelika and Richerd,
1988; Larson and Heathcock, 1997) (430 mg, 0.1 mmol) and (4-O-
tert-butyldimethylsilyl) ferulic acid (Fache et al., 2005) (310 mg,
0.1 mmol) were combined in a flask and concentrated from dry
CH2Cl2. The resulting residue was dissolved in 2.0 mL of dry CH2Cl2,
and 220 mL of 0.1 M TMSOTf in CH2Cl2 was added over 20 minutes.
After the reaction mixture was stirred for an additional 30 minutes,
5 mL of saturated NaHCO3 was added with vigorous stirring. After
extraction with CH2Cl2, the combined organic layers were dried
over MgSO4 and concentrated. The residue was purified by chro-
matography on silica gel with eluent (petroleum ether-EtOAc, 5:1),
and the a-L-rhamnopyranoside product (495 mg, 85%) was ob-
tained. A solution of the a-L-rhamnopyranoside product (490 mg,
0.85 mmol) and tetrabutylammonium fluoride 1.7 mL (1 M solution
in tetrahydrofuran) in dry tetrahydrofuran (2.0 mL) was stirred at
room temperature for 2 hours and then diluted with ether. The
organic layer was washed with brine, dried over MgSO4, and
concentrated in vacuo. The obtained residue was dissolved in
methanol (2.0 mL) at 0 �C, then 33% CH3NH2 in methanol solution
(3.0 mL) was added in 5 minutes and the reaction was stirred for
2 hours at 0 �C. The reaction was then evaporated under reduced
pressure and purified by column chromatography (gradient EtOAc
to EtOAc: MeOH ¼ 10: 1), and PL201A (172 mg, 60%) was obtained.
[a]D17¼ �39.6 (c 1.0, MeOH); ESI(þ)-MS: 341.3 [Mþ1]þ; 1H-NMR
(CD3OD, 400 MHz) d 7.62e7.66 (d, J ¼ 16 Hz, 1H), 7.20 (s, 1H),
7.06e7.08 (d, J¼ 8 Hz,1H), 6.78e6.80 (d, J¼ 8 Hz,1H), 6.33e6.37 (d,
J ¼ 16 Hz, 1H), 6.02 (d, J ¼ 1.2 Hz, 1H), 3.87 (s, 3H), 3.74e3.77 (dd,
J1 ¼ 3.6 Hz, J2 ¼ 9.6 Hz, 1H), 3.68e3.72 (m, 1H), 3.43e3.47 (t, J1 ¼
9.6 Hz, J2 ¼ 19.2 Hz, 1H), 3.28 (s, 1H), 1.25e1.26 (d, J ¼ 6.4 Hz, 3H);
13C NMR (CD3OD, 126 MHz) d 167.17, 151.07, 149.49, 148.14, 127.63,
124.55, 116.67, 114.87, 111.92, 95.47, 73.70, 72.44, 72.32, 71.50, 56.67,
18.24. A flowchart summarizing the synthesis of PL201A is provided
in Fig. S1.

2.4. Drug administration and BrdU injections

PL201A was dissolved in water. APP/PS or WT mice were orally
administered 10 mg/kg PL201A or vehicle (water) once per day for
90 days. To assess the effects of PL201A on neurogenesis, mice
received intraperitoneal injection of BrdU (50 mg/kg) once per day
from day 74 to day 80 of drug administration. After the end of
Morris water maze (MWM) testing on day 102, the animals were
transcardially perfused successively with cold PBS and 4% para-
formaldehyde (PFA).

2.5. Morris water maze test

MWM testing was performed as previously described with
modifications (Morris, 1984; Teng et al., 2010). The apparatus con-
sisted of a 120-cm diameter circular pool filled with water and
small white plastic balls and maintained at 22.0 � 0.5 �C. A trans-
parent 11-cm diameter platform was placed 1 cm below the water
surface at a fixed point in one quadrant. Approximately equal
numbers of male and female mice were included in each experi-
mental group. The animals were brought into the behavior room,
acclimatized and trained. The training protocol consisted of 6
consecutive days with four trials per day. On day 4 and 24 hours
after the last training trial, a probe trial was conducted. The
swimming paths were monitored using an automated tracking
system (Ethovision XT software).
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2.6. Cell culture and EdU incorporation assay

Human iPSC-derived NPCs were provided by IxCell Biotech-
nology Co, Ltd, and amonolayer cell culture wasmaintained in B27-
and N2-supplemented DMEM/F12 and neurobasal medium (1:1)
with 10 ng/mL bFGF, 10 ng/mL leukemia inhibitory factor, 3 mM
CHIR99021, 5 mM SB431542, and 200 mM ascorbic acid in Matrigel
(Corning)ecoated dishes. For the EdU incorporation assay, the cells
were dissociated with Accutase (Sigma Aldrich) and seeded at a
density of 1.5 x104 cells/cm2 in poly-D-lysine and laminin-coated
96-well plates in B27- and N2-supplemented DMEM/F12 and
neurobasal medium (1:1) containing 10 ng/mL bFGF. On the
following day, the cells were pretreated with or without Ab (5 mM;
GenicBio), oligomycin (1 mM; Selleck) and compound C (10 mM;
Selleck) for 30 minutes before 30 mM PL201A was added. The cells
were incubated for 72 hours and EdU (10 mM; Sigma Aldrich) was
added 30minutes before fixation. Afterward, the NPCswere fixed in
4% PFA for 15 minutes and permeabilized with 0.1% Triton X-100 in
PBS. EdU staining was performed according to the manufacturer’s
protocol (Click-iT, Invitrogen). Cellomics ArrayScan VTI 700
(Thermo Scientific) was used to scan and analyze the stained cells.
To prepare the Ab1�42 oligomer, Ab1�42 peptide (GenicBio) was
added to hexafluoroisopropanol, and the mixture was air-dried and
vacuum concentrated to form a film. Then, it was dissolved in
dimethylsulfoxide at a concentration of 5 mM and further diluted
with PBS to 100 mM. The solutionwas incubated at 4 �C for 24 hours
to promote peptide self-aggregation.
2.7. Western blotting

Human iPSC-derived NPCs were seeded at a density of
1.2�105 cells/well in B27- and N2-supplemented DMEM/F12 and
neurobasal medium (1:1) with 10 ng/mL bFGF. On the following
day, the cells were pretreated with 5 mM Ab for 30 minutes. Then
30 mM PL201A was added and the cells were further incubated for
72 hours. After that, the cells were washed with cold PBS and lysed
with Laemmli sample buffer. The cell lysates were resolved by SDS/
PAGE and transferred to a nitrocellulose membrane. The following
rabbit monoclonal antibodies were used: antiephospho-AMPK
(Tyr172, 1:1000, Beyotime), antiephospho-Rb (Ser807/811, 1:1000,
Beyotime), anti-AMPK (1:500, Beyotime), and anti-Rb (1:400,
BOSTER). The blots were analyzed by the chemiluminescent
detection (BioRad) of a peroxidase-conjugated, subtype-specific
antibody (1:5000, Abmart).
2.8. Tissue preparation and immunohistochemistry

For immunohistochemistry, the animals were anesthetized and
transcardially perfused with 4% PFA. The brains were dissected,
postfixed with 4% PFA for 24 hours and stored in a 30% sucrose
solution for 72 hours. Coronal sections were collected as 30-mm
free-floating cryosections. For BrdU staining, the sections were
treated with 2 M HCl at 37 �C for 20 minutes and rinsed in 0.1 M
borate buffer (pH 8.5). For NEUN, SOX2, and KI67 staining, antigen
retrieval was performed with citrate buffer (10 mM, pH 6.5) for
20 minutes at 95 �C. After that, the sections were blocked with 3%
donkey serum and 0.3% Triton-X. These samples were then
incubated in primary and secondary antibodies at 4 �C overnight
and at RT for 1 hour. The samples were imaged with an Olympus
FV100i confocal microscope and analyzed with Image-Pro Plus
software. The antibodies were diluted as follows: rat anti-BrdU
antibody (1:2000; AbD Serotec), rabbit anti-NEUN (1:200; Milli-
pore), rabbit anti-KI67 (1:100; Abcam), and goat anti-SOX2
(1:100; R&D Systems).
For quantitative analysis, every ninth section through the entire
DGwas processed. For each section, a stack of approximately 12e13
overlapping images were captured with a 2 mm step from the top to
the bottom layer. All of the stained cells within the subgranular
zone or the granular cell layer were counted, and the cell densities
were evaluated by dividing the number of cells by the area and 30-
mm of thickness. The colocalization of staining for the different
antibodies was confirmed in three dimensions in the double-
stained cells. All quantification was performed in a double-
blinded manner.

2.9. ATP assay

Cellular ATP levels were measured with the CellTiter-Glo
Luminescent Assay (Promega) according to the manufacturer’s
protocol. Cell counts were determined by Hoechst 33342 staining.

2.10. Mitochondrial morphology analysis

Mitochondrial morphology was assessed by staining with
MitoTracker Green (Beyotime) according to the manufacturer’s
protocol. Briefly, NPCs were stained with 50 nM MitoTracker Green
at 37 �C for 45 minutes. Then, the cells were imaged with an
Olympus FV1200 confocal microscope. Quantification was per-
formed with ImageJ using a macro developed by Ruben K. Dagda
(Dagda et al., 2009). Briefly, the area of interest (one cell) was
selected with the polygon selection tool. Then, the image was
sharpened and automatically thresholded. Next, different mito-
chondrial parameters, including the mitochondrial area and aspect
ratio (major/minor axis) were obtained using the analyze particles
tool. All quantification was performed in a double-blinded manner.

2.11. Mitochondrial membrane potential quantification

The mitochondrial membrane potential was assessed with JC-1
(Beyotime) according to the manufacturer’s protocol. Generally,
monolayer NPC cultures were pretreated with Ab for 30 minutes in
culturemedium containing 10 ng/mL bFGF. Then 30 mMPL201Awas
added and the cell were further incubated for 72 hours. After Ab and
PL201A treatment, the NPCs were incubated with JC-1 for 20 mi-
nutes in staining buffer solution at 37 �C. The fluorescence intensity
was determined by an Olympus FV100i microscope and analyzed
with ImageJ software (greenfluorescence: 530nm, redfluorescence:
590 nm). The same exposure time and laser intensities were applied
during all acquisitions. Themembrane potential was represented as
the ratio of red/green fluorescence intensity. All quantification was
performed in a double-blinded manner.

2.12. Detection of mitochondrial reactive oxygen species

Mitochondrial reactive oxygen species (ROS) production was
detected using MitoSOX Red Mitochondrial Superoxide Indicator
(Thermo Fisher) following the manufacturer’s protocol. Briefly,
NPCs were incubated with 5 mM MitoSOX for 10 minutes at 37 �C.
After three washes with PBS, images of the cells were taken using a
Zeiss Observer Z1 microscope. The same exposure time and laser
intensities were applied during all acquisitions. Fluorescence in-
tensity was assessed by ImageJ software and normalized to cell
number, which was measured using Hoechst 33342 staining. All
quantification was performed in a double-blinded manner.

2.13. Statistical analysis

All quantified data are presented as the mean� SEM. The results
were analyzed by a two-tailed t test to determine the statistical
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significance of the treatment sets. For multiple comparisons, the
results were analyzed by one-way analysis of variance (ANOVA) or
two-way ANOVA followed by Bonferroni test when appropriate
with GraphPad Prism 6 Software. If the normality tests failed, a
Kruskal-Wallis test on ranks followed by a Dunn’s posttest was
performed. p-values less than 0.05 (p < 0.05) were considered
indicative of significance.
Fig. 1. The administration of PL201A ameliorates cognitive impairments in transgenic AD mic
and Morris water maze (MWM) testing. (C) The learning curves of the mice from the di
Representative tracks of the mice in the probe trial on day 7 are shown. (E and F) The freque
(E) in the probe trial on day 7 (n ¼ 11e14 per group). (G and H) The swimming distance (F)
comparison of the time spent in the target quadrant in the probe trial on day 7 (n ¼ 11e14 pe
analyzed by two-way ANOVA test followed by Bonferroni (C, I), by one-way ANOVA followed
when the test for normality failed (Kolmogorov-Smirnov test) (E, G, H). Abbreviations: AD, Al
OP, opposite; AL, adjacent left.
3. Results

3.1. PL201A ameliorates cognitive deficits in a mouse model of
Alzheimer’s disease

To evaluate the effects of PL201A (Fig. 1A) on the pathophysi-
ology of AD, two groups of 5-month-old APP/PS1 mice were
e. (A) The structure of PL201A. (B) The experimental schedule for neurogenesis analysis
fferent treatment groups over the various training days (n ¼ 11e14 per group). (D)
ncy with which the target position was passed (D) and the latency to find the platform
and velocity (G) of the mice in the probe trial on day 7 (n ¼ 11e14 per group). (I) The
r group). The data are presented as the mean � SEM; *p < 0.05, **p < 0.01, ***p < 0.001,
by Bonferroni test (F) or by Kruskal-Wallis test on ranks followed by a Dunn’s posttest
zheimer’s disease; ANOVA, analysis of variance; TQ, target quadrant; AR, adjacent right;
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gavaged daily with PL201A (10 mg/kg/d) or vehicle for 90 days.
Thereafter, spatial memory was assessed using the MWM (Fig. 1B).
Two-way ANOVAwas performed to analyze the latency to platform
and a significant difference was observed among groups [F(2,210)¼
42.991, p < 0.001]. Compared with their WT littermates, the APP/
PS1 mice exhibited a significantly slower learning rate, indicating
cognitive deficits in these mice [day 4, t(22)¼6.335, p < 0.001].
Notably, chronic PL201A treatment significantly [day 4, t(23)¼
3.143, p¼ 0.0046] ameliorated learning andmemory impairment in
the APP/PS1 mice (Fig. 1C). To assess reference memory, a probe
trial was administered on day 7. Compared with the vehicle-treated
mice, the PL201A-treated APP/PS1 mice crossed the platform area
more often (Fig. 1D and E, p ¼ 0.0264), took less time to reach the
position of platform (Fig.1F, p¼ 0.0035), and spentmore time in the
target quadrant (Fig. 1I, p < 0.001). There was no detectable dif-
ference in swimming distance or velocity between the vehicle- and
PL201A-treated mice, suggesting that PL201A had little influence
on the motor ability or motivation of these mice (Fig. 1G and H).
Together, our data indicate that the administration of PL201A
ameliorates cognitive deficits in transgenic AD model mice.
3.2. PL201A promotes neurogenesis and NPC proliferation in a
mouse model of Alzheimer’s disease

The disease-related decline in hippocampal neurogenesis is
linked to cognitive impairment in AD. To examine the effects of
PL201A on hippocampal neurogenesis, PL201 or vehicle-treated
APP/PS1 mice received BrdU injections once a day for 7 consecu-
tive days and the mice were sacrificed 28 days after the first in-
jection (Fig. 1A). Then the numbers of newly generated NEUN/BrdU
-double-positive cells in the hippocampus was analyzed. Compared
with the vehicle-treated group, the PL201A-treated mice exhibited
a significantly increased numbers of NEUNþ/BrdUþ cells
(Fig. 2AeC). In addition, there was no difference in the percentage
of BrdU-positive cells that were NEUNþ/BrdUþ between the vehicle
and PL201A-treated groups (Fig. 2D), indicating that PL201A may
Fig. 2. Neurogenesis and NPC proliferation is enhanced by PL201A in transgenic AD mice. (A
gyrus (DG) of the mice treated with vehicle (A) and PL201A (B). Scale bars, 200 mm. (C) The
group). (D) The proportion of BrdUþ cells that were BrdUþNEUNþ. (E and F) Representative
treated with vehicle (E) and PL201A (F). Scale bars, 50 mm. (G) The quantification of KI67þSOX
the mean � SEM. *p < 0.05, analyzed by a two-tailed t test. Abbreviations: AD, Alzheimer’
promote neurogenesis by enhancing NPC proliferation instead of
altering neuronal lineage commitment. Afterward, the proliferation
of NPCs in the subgranule zone was examined. The quantification
showed that there were more KI67þ/SOX2þ proliferating NPCs in
the PL201-treated APP/PS1 mice (Fig. 2EeG). Taken together, these
data indicate that PL201A can promote neurogenesis and NPC
proliferation in transgenic AD model mice. In addition, compared
with the vehicle-treated group, we observed the number of GFAPþ
cells was slightly reduced (about 15%, data not shown) after PL201A
treatment, suggesting PL201A may modulate neuroinflammation.
3.3. PL201A attenuates Ab-induced mitochondrial stress in human
NPCs

Because mitochondrial function has been shown to play a key
role in the proliferative potential of stem cells (Rafalski and Brunet,
2011), we wondered whether PL201A modulates mitochondrial
functions to exert its effects on NPCs. To answer this question, the
mitochondrial membrane potential and cellular ATP levels of hu-
man NPCs were evaluated after incubation with a 5 mM Ab1�42
oligomer-containing preparation or 30 mM PL201A. We found that
incubation with Ab1�42 reduced the mitochondrial membrane
potential and cellular ATP levels of NPCs, which were partially
resorted by PL201A treatment (Fig. 3AeC). Evidence from cellular
and animal models of AD has shown that Ab1�42 elevates the
production of ROS and leads to cytotoxicity. MitoSOX fluorescence
staining revealed that mitochondrial ROS levels increased after
5 mM Ab1�42 treatment, whereas cotreatment with 30 mM PL201A
abolished this Ab-induced effect (Fig. 3D). To further assess
whether mitochondrial morphology and dynamics are also modu-
lated by PL201A, we labeled mitochondria with MitoTracker Green
and observed that NPCs exposed to Ab1�42 exhibited decreased
mitochondrial area and aspect ratio, and these effects were atten-
uated on PL201A treatment (Fig. 3EeG). In addition, Ab1�42
inhibited the expression of the mitochondrial fusion mediator
MFN1, and this was also partially rescued by PL201A (Fig. 3H). We
and B) Confocal photomicrographs of NEUN and BrdU immunostaining in the dentate
quantification of NEUNþBrdUþ cells in the DG of the mice in (A) and (B) (n ¼ 6e8 per
images of SOX2, KI67, and DAPI immunostaining of the dentate gyrus (DG) of the mice
2þ cells in the DG of the mice in (E) and (F) (n ¼ 6 per group). The data are presented as
s disease.



Fig. 3. PL201A attenuates amyloid-b-associated mitochondrial stress. (A) The mitochondrial membrane potential of NPCs was evaluated by JC-1 staining and representative
fluorescence images are shown. Scale bars, 100 mm. (B) The quantification of the mitochondrial membrane potential of NPCs in (A), which is demonstrated by the ratio of red (JC-1
aggregates) to green (JC-1 monomers) fluorescence intensity. n ¼ 5 independent experiments. (C) ATP in the cells subjected to the same conditions as in (A). n ¼ 3 independent
experiments. (D) MitoSOX fluorescence in the cells subjected to the same conditions as in (A). n ¼ 3 independent experiments. (E) Representative confocal images of the mito-
chondrial morphology of NPCs treated as in A. Scale bars, 10 mm. (F and G) The analysis of the mitochondrial area and aspect ratio (long/short axis) as in D. The experiment was
performed three times with 35e46 images per treatment group. (H) Gene expression analysis of MFN1 and DRP1. n ¼ 5 independent experiments. (I) The proliferation of NPC was
evaluated by EdU staining. n ¼ 13 independent experiments. The data are presented as the mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, analyzed by one-way ANOVA test
followed by Fisher’s protected least significant difference test. Abbreviations: ANOVA, analysis of variance; NPC, neural progenitor cell. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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next investigated whether the enhancement of NPC proliferation
on PL201A treatment is associated with the mitochondrial modu-
lating effect of PL201A. An EdU incorporation assay was performed
to examine the effects of Ab1�42 and PL201A on NPC proliferation.
Compared with vehicle-treated cells, the cells treated with 30 mM
PL201A alone exhibited an enhanced ratio of EdUþ cells. In addition,
5 mM Ab1�42 treatment significantly reduced EdU incorporation,
whereas cotreatment with 30 mM PL201A resulted in a weakening
of this reduction. Moreover, when 1 mM oligomycin, a mitochon-
drial inhibitor, was added to NPC cultures treated with Ab1�42 and
PL201A, the PL201A-mediated restoration in EdU incorporationwas
abolished (Fig. 3I). These results indicate that PL201 regulates
mitochondrial functions to enhance NPC proliferation.

3.4. PL201A alleviates the Ab-associated dysregulation of AMPK
signaling

AMPK plays a central role in mitochondrial metabolism and is
a crucial regulator of energy homeostasis. On exposure to a 5 mM
Ab1�42 oligomer-containing preparation, AMPK phosphorylation
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was markedly suppressed in the NPCs, indicating disrupted
cellularmetabolism. Cotreatment with 30 mMPL201A attenuated the
Ab1�42-induced decrease in AMPK activation (Fig. 4A and B).
Because it has been reported that AMPK directly phosphorylates Rb
to promote NPC proliferation (Dasgupta and Milbrandt, 2009), Rb
phosphorylation levels were also analyzed on Ab and PL201A
treatment, and similar results were observed (Fig. 4C and D).
Moreover, blocking AMPK activation with compound C partially
abolished the PL201A-restored NPC proliferation (Fig. 4E). Together,
these results indicate that PL201A may counteract the Ab1�42-
induced decline in NPC proliferation by reversing mitochondrial
dysfunction and activating AMPK-Rb signaling (Fig. 4F).

4. Discussion

Alzheimer’s disease is an incurable degenerative disease that is
common in the elderly population. A number of pharmacological
agents have been investigated for treating AD, and natural products
are important sources of new drug leads because of their wide
chemical diversity. In this study, we showed that PL201A, a
designed analog from natural products, ameliorates cognitive
impairment and enhances neurogenesis and NPC proliferation in
transgenic AD mice, suggesting that PL201A may serve as a
Fig. 4. Amyloid-b-induced dysregulation of AMPK is alleviated by PL201A. (A and B) AMPK a
and total AMPK. n ¼ 6 independent experiments. (C and D) Cells were treated as in (A) a
phosphorylated and total AMPK. n ¼ 6 independent experiments. (E) The proliferation of
diagram showing that PL201A counteracts Ab1�42-induced decline in NPC proliferation by
presented as the mean � SEM. *p < 0.05, **p < 0.01, analyzed by one-way ANOVA test follow
of variance; NPC, neural progenitor cell.
regenerative therapeutic agent for cognitive decline in neurode-
generative diseases.

Accumulating evidence suggests that mitochondrial dysfunction
is deeply involved in the onset and progression of AD (Lin and Beal,
2006; Wang et al., 2007). Improving mitochondrial functions has
been reported to protect neurons from Ab toxicity and restore
synaptic function (Du et al., 2008). Moreover, it has been also re-
ported that mitochondrial impairment is induced by inflammatory
mediators including oxidative stress and proinflammatory cyto-
kines, whereas mitochondrial dysfunction conversely exacerbates
microglia-mediated neuroinflammation (Di Filippo et al., 2010;
Onyango et al., 2016; Wilkins and Swerdlow, 2016). NPC prolifera-
tion and neurogenesis are important for neuroprotection in aging
and neurodegenerative diseases such as AD. It has been reported
that mitochondrial fusion and decreased ROS levels facilitate the
self-renewal of neural stem cells (Khacho et al., 2016). In line with
this study, we found that PL201A inhibits the Ab-induced frag-
mentation of mitochondria and elevation of ROS levels, suggesting
that modulating mitochondria dynamics and ROS levels may be a
potential strategy for neuroprotection in AD. These reports,
together with our findings that PL201A attenuates Ab-associated
mitochondrial dysfunction and promotes NPC proliferation, indi-
cate that mitochondria-targeted intervention is beneficial for
ctivation was analyzed by western blotting with antibodies against the phosphorylated
nd Rb phosphorylation was analyzed by western blotting with antibodies against the
NPC was evaluated by EdU staining. n ¼ 9 independent experiments. (F) A schematic
improving mitochondrial dysfunction and activating AMPK-Rb signaling. The data are
ed by Fisher’s protected least significant difference test. Abbreviations: ANOVA, analysis
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restoring multiple cellular functions that are impaired in AD
pathogenesis, and suggest that mitochondria may be a promising
target for developing anti-AD therapies.

Metabolic signaling pathways have pivotal roles in modulating
NPC activity (Knobloch et al., 2013). Consistent with previous
findings in other cell types (Lin et al., 2016), our study revealed that
Ab reduces AMPK activation and NPC proliferation and that these
effects are alleviated by PL201A treatment. In addition to data that
suggests that AMPK promotes neurogenesis, emerging evidence
has also revealed that AMPK is involved in the pathogenesis of AD
through regulating amyloidogenesis and tau protein phosphoryla-
tion (Cai et al., 2012; Won et al., 2010). In addition, AMPK has been
reported to activate autophagy by targeting autophagy proteins
such as ULK1, thereby influencing the metabolism of the Ab and tau
proteins (Anand et al., 2012; Kolaj et al., 2018). In the present study,
we observed that PL201A treatment increased mitochondrial mass.
Based on the fact that PGC-1a, which is critical for mitochondrial
biogenesis and autophagy, is another important downstream target
of AMPK, it is possible that PL201A also promotes PGC-1a synthesis
(Herzig and Shaw, 2018). Taken together, these findings indicate
that AMPK-modulating agents such as PL201A may exert multiple
anti-AD effects. Although it is often assumed that an increased
AMP/ATP ratio activates AMPK, we observed in our study that Ab
decreased AMPK activation while reducing ATP production.
Because AMP/ATP-independent AMPK regulation has been re-
ported, it is possible that a similar mechanismmay contribute to the
effect of Ab on AMPK as well (Racioppi and Means, 2012; Zhang
et al., 2017). Our results not only provide evidence for the regula-
tory role of AMPK in Ab-associated deficits in NPC proliferation but
also present PL201A as a potential therapeutic treatment for AD.
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