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Patchouli alcohol as a selective estrogen receptor β agonist
ameliorates AD-like pathology of APP/PS1 model mice
Qiu-ying Yan1, Jian-lu Lv1, Xing-yi Shen1, Xing-nan Ou-Yang1, Juan-zhen Yang1, Rui-fang Nie1, Jian Lu1, Yu-jie Huang1,
Jia-ying Wang1 and Xu Shen1

Clinical evidence shows that postmenpausal women are almost twice as likely to develop Alzheimer’s disease (AD) as men of the
same age, and estrogen is closely related to the occurrence of AD. Estrogen receptor (ER) α is mainly expressed in the mammary
gland and other reproductive organs like uterus while ERβ is largely distributed in the hippocampus and cardiovascular system,
suggesting that ERβ selective agonist is a valuable drug against neurodegenerative diseases with low tendency in inducing cancers
of breast and other reproductive organs. In this study we identified a natural product patchouli alcohol (PTA) as a selective ERβ
agonist which improved the cognitive defects in female APP/PS1 mice, and explore the underlying mechanisms. Six-month-old
female APP/PS1 mice were administered PTA (20, 40 mg · kg−1 · d−1, i.g.) for 90 days. We first demonstrated that PTA bound to ERβ
with a dissociation constant (KD) of 288.9 ± 35.14 nM in microscale thermophoresis. Then we showed that PTA administration dose-
dependently ameliorated cognitive defects evaluated in Morris water maze and Y-maze testes. Furthermore, PTA administration
reduced amyloid plaque deposition in the hippocampus by promoting microglial phagocytosis; PTA administration improved
synaptic integrity through enhancing BDNF/TrkB/CREB signaling, ameliorated oxidative stress by Catalase level, and regulated Bcl-2
family proteins in the hippocampus. The therapeutic effects of PTA were also observed in vitro: PTA (5, 10, 20 μM) dose-
dependently increased phagocytosis of o-FAM-Aβ42 in primary microglia and BV2 cells through enhancing ERβ/TLR4 signaling; PTA
treatment ameliorated o-Aβ25-35-induced reduction of synapse-related proteins VAMP2 and PSD95 in primary neurons through
enhancing ERβ/BDNF/TrkB/CREB pathways; PTA treatment alleviated o-Aβ25-35-induced oxidative stress in primary neurons through
targeting ERβ and increasing Catalase expression. Together, this study has addressed the efficacy of selective ERβ agonist in the
amelioration of AD and highlighted the potential of PTA as a drug lead compound against the disease.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressively neurodegenerative
disease with progressively irreversible loss of memory and decline
of intellectual and social skills [1]. The pathological hallmarks of
AD include the extracellular senile plaques formed by amyloid-β
(Aβ) peptide and synaptic loss [2]. Currently, there has been yet no
curative medication against AD and only several drugs were
approved by FDA, including cholinesterase inhibitors (e.g., tacrine,
donepezil, galantamine, and rivastigmine) and a N-methyl-D-
aspartate (NMDA) receptor partial antagonist (memantine), but
these drugs can only improve the symptoms of AD [3]. Thus, it is
much needed to design anti-AD drug based on new strategies and
targets.
Epidemiologically, sex difference is tightly associated with AD

development and progression. As indicated in the published
reports, nearly 2/3 AD patients are female, and the risk of
developing AD is higher in postmenopausal women [4]. Moreover,
female AD patients show a broader spectrum of dementia-related
behavioral symptoms than male [5]. Actually, estrogen plays an

important role in maintenance of brain functions, including
neuronal development and survival [6–8], neuroprotective
[9, 10], neurotrophic [11, 12], antioxidative [13], anti-
inflammatory [14], and other effects [15, 16]. It was noted that
the Women’s Health Initiate Memory Study approved the “critical
window hypothesis” according to the results of hormone therapy
suggesting that estrogen treatment may obtain the best effect on
AD prevention shortly after menopause [17].
Estradiol acts targeting estrogen receptor (ER) that consists of

two subtypes ERα and ERβ [18]. ERα is found mainly in the
mammary gland, uterus and other reproductive organs, whereas
ERβ is largely distributed in the hippocampus and cardiovascular
system. Since excess activation of ERα may induce the risk of
developing a series of cancers including breast cancer, endome-
trial cancer and ovarian cancer [19], ERβ selective agonist is
believed to be capable of ameliorating cognitive impairment by
avoiding the above-mentioned side effects from ERα activation
[17]. Currently, ERβ selective agonists have been reported with
capability in ameliorating cognitive impairment in AD model mice.
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For example, genistein improved Aβ-induced cognitive impair-
ment in rats [20], and hydroxytyrosol acetate improved the
cognitive function of APP/PS1 mice [21]. Although the detailed
pharmacological mechanisms are not well understood for these
compounds, the published reports have clearly supported the
beneficial effects of selective ERβ agonists on the amelioration of
cognitive impairment of AD.
In the current work, we reported that natural product

patchouli alcohol (PTA) (Fig. 1a) [22] as a selective agonist of
ERβ efficiently ameliorated AD-like pathology of APP/PS1 model
mice. PTA is a tricyclic sesquiterpene, and a critically biological
active constituent in the patchouli oil extracted from Pogoste-
mon cablin [23]. PTA exhibited varied biological activities
including immunomodulation [24], anti-inflammation [25, 26],
anti-tumor [27], and anti-oxidation [28]. Here, the mechanism
underlying the amelioration of PTA on cognitive impairment of
APP/PS1 AD model mice has been intensively investigated. PTA
administration reduced Aβ deposition, enhanced synaptic
plasticity and reduced oxidative stress. To our knowledge, our
work might be the first to present the evidence that ERβ agonist
may enhance microglial phagocytosis of o-Aβ42 via Toll-like
receptor 4 (TLR4) signaling. All results have highly addressed the
beneficial effects of selective ERβ agonists on the amelioration
of AD-like pathology and highlighted the potential of PTA in
the treatment of AD.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle’s medium (DMEM) and DMEM-F12
cultures were obtained from Hyclone (Logan, UT, USA). Fetal
bovine serum (FBS), trypsin-EDTA, glutamine and penicillin (100
U/mL)-streptomycin (100 μg/mL) (P/S) were purchased from
Gibco (Gaithersburg, MD, USA). PTA was purchased from
TargetMol (Shanghai, China). Aβ25-35 was obtained from MCE
(Monmouth Junction, NJ, USA). DNase, thioflavin S and poly-D-
lysine (PDL) were obtained from Sigma-Aldrich (Sigma-Aldrich,
MO, USA). FD Rapid Golgi Stain Kit was purchased from FD Neuro
Technologies (Ellicott City, MD, USA). siRNAs were purchased from
Genomeditech (Shanghai) Co., LTD (Shanghai, China). FAM-o-Aβ42
and human Aβ42 were obtained from ANASPEC (Fremont, CA,
USA). The assay kits for BCA assay, malondialdehyde (MDA) assay,
mitochondrial membrane potential (MMP) assay kit, Hoechst3442
and DEPC solution were obtained from Beyotime Biotechnology
(Shanghai, China). Antibodies against vesicle-associated mem-
brane protein (VAMP) 2, postsynaptic density (PSD) 95, tropo-
myosin receptor kinase B (TrkB), cAMP-response element binding
protein (CREB), p-CREB (Ser133), Aβ, Bax, Bcl-xl, glial fibrillary
acidic protein (GFAP), ERβ, NDUFS3 and COXIV were obtained
from Cell Signaling Technology (Danvers, MA, USA). Antibodies
against brain-derived neurotrophic factor (BDNF), p-TrkB (Tyr
705), and Bcl-2 were obtained from Abcam (Cambridge, UK).
Antibody against ionized calcium-binding adaptor molecule 1
(Iba1) was obtained from Wako (Osaka, Japan). Antibodies against
GAPDH and TLR4 were obtained from Proteintech (Chicago,
IL, USA).

Luciferase reporter assay
Transactivation experiment was carried out according to the
published approach [29]. Briefly, HEK293T cells were seeded at a
density of 5 × 104 cells/well in 48-well plates and cultured
overnight. Transient transfections (200 ng/well ERα/β, 200 ng/well
pGL3-ERE-Luc and 50 ng/well pRL-SV40) were conducted by
Calcium Phosphate Cell Transfection kit (Beyotime). After 6 h,
HEK293T cells were incubated with PTA for 24 h. Finally, firefly and
renilla luciferase activities were measured by dual luciferase
reporter assay system kit (Promega, Madison, WI, USA).

Microscale thermophoresis (MST)
MST assay was performed on a Monolith NT.115 instrument (Nano
Temper, Beijing, China) with Monolith His-Tag labeling kit RED-
TRIS-NTA 2nd generation (MO-L018, Nano Temper, Beijing, China)
according to the manufacturer’s instructions. His-ERβ protein (CSB-
YP007831HU, CUSABIO, Wuhan, China) was labeled with primary-
amine coupling of MO-LO18 dye, followed by addition of different
concentrations of PTA (0.012–400 μM). After incubation for 0.5 h,
the mixtures were loaded into capillaries. Data analysis was
performed with Nano Temper Analysis software.

Cell cultures
Cell line. BV2 cells were grown in DMEM/F12 (Hyclone)
supplemented with 10% FBS (Gibco) and 100 unit/mL penicillin-
streptomycin (Gibco), respectively.

Primary neuronal cell. The cells were prepared according to the
published approach [30]. Briefly, pregnant 18-day-old C57BL/6
mice were anesthetized, and cerebral cortices were isolated from
embryos and placed into cold magnesium free Hank’s balance
salt solution (HBSS). Cortices were cut into pieces and digested in
0.125% trypsin-EDTA with 200 U/mL DNase for 15–20 min at 37 °C
in a 5% CO2 incubator. Digestion was stopped by adding 4 mL
DMEM supplemented with 10% FBS and P/S. Digested tissues
were filtered through a 70 μm nylon cell strainer. Primary neurons
were placed into DMEM supplemented with 10% FBS and 1% P/S,
and then plated on the culture plates coated with 10 μg/mL PDL
at a density of 6 × 105 cell/mL. After the plate was incubated at
37 °C in a 5% CO2 incubator for 6 h, the medium was replaced
with a fresh neurobasal medium supplemented with B27, P/S and
0.5 mM glutamine. Finally, the medium was replaced with fresh
medium after 48 h, until day 7. Given that Aβ25-35 as a toxic
fragment of full-length Aβ was appropriately applied to model
neuronal damage [31, 32], we here used Aβ25-35 to induce
synaptic damage and oxidative stress. Aβ25–35 oligomers (o-
Aβ25–35) were prepared based on the published approach [32].
Cells were treated by PTA (5, 10, and 20 μM) with o-Aβ25–35
(20 μM) for 24 h.

Primary microglia. The cells were prepared according to the
published approach [33]. Briefly, cerebral cortices of C57BL/6
mice born within 24 h were isolated and placed into cold
magnesium free D-Hank’s balance salt solution (D-Hank’s).
Cortices were digested in 0.25% trypsin-EDTA with 200 U/mL
DNase for 6 min, and digestion was stopped by DMEM-F12
supplemented with 10% FBS and 1% P/S. The digested tissue
was blown into a suspension using a pipette and centrifuged
at 1500 r/min for 15 min, and the pellets were resuspended in
10 mL DMEM-F12 and filtered through a 70 μm nylon cell
strainer. The cells were transferred into cell culture flask at
proper density and incubated at 37 °C with 5% CO2. The culture
flasks were shaken to remove unattached cells for 48 h. After
two shakes, the cells were cultured for another week to obtain
microglia.
It was noted that Aβ42 is highly increased in the cortex and

hippocampus of AD patients [34] and is a major constituent of
senile plaques [35], while Aβ42 has been applied in microglial
phagocytosis assay [36]. Thus, Aβ42 was also used in the assay to
detect the effect of PTA on microglial phagocytosis. Aβ42
oligomers (o-Aβ42) were prepared based on the published
approach [36].
Microglia were seeded into 24-well plates coated with PDL for

24 h, and then treated with 2 μg/mL o-Aβ42 or 200 nM FAM-o-
Aβ42 and different concentrations of PTA for 4 h. Fluorescence
changes were detected by using IncuCyteZoom (Ann Arbor, MI,
USA) or ImageXpress Micro Confocal (Molecular Devices, LLC,
Sunnyvale, CA, USA). RNA was extracted for qPCR assay.
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Fig. 1 PTA enhanced microglial phagocytosis of o-Aβ42 through ERβ/TLR4 signaling. a Chemical structure of PTA. b MST assay result
indicated that PTA bound to ERβ by KD at 288.9 ± 35.14 nM (n= 4). c, d Live cell imaging assay with quantification results demonstrated that
PTA (5, 10, 20 μM) treatment increased phagocytosis of FAM-o-Aβ42 (200 nM) in BV2 cells. ***P < 0.001 vs DMSO group, two-way ANOVA
followed by Bonferroni’s multiple comparisons test. n= 9. Scale bar: 200 μm. Representative image at 4 h. e, f Quantification of live cell
imaging assay indicated that PTA (5, 10, 20 μM) treatment had no effects on the degradation of FAM-o-Aβ42 (200 nM) in BV2 cells. ns
represented no significant vs DMSO group, two-way ANOVA followed by Bonferroni’s multiple comparisons test. n= 9. g qPCR assay results
indicated that the level of ERβmRNA in primary microglia was decreased to 18.3% after ERβ siRNA treatment. (n= 3). h ERβ siRNA deprived PTA
(20 μM) of its capability in promoting FAM-o-Aβ42 (200 nM) phagocytosis in primary microglia. ***P < 0.001 vs DMSO-NC siRNA, two-way ANOVA
followed by Bonferroni’s multiple comparisons test. n= 9. qPCR assay results indicated that (i) PTA (5, 10, 20 μM) promoted TLR4 expression
and (j) ERβ siRNA treatment deprived PTA (20 μM) of its such promotion in primary microglia. ns represented no significant, *P < 0.05 vs Aβ-
treated group, one-way ANOVA followed by Bonferroni’s multiple comparisons test. n= 3. qPCR assay results indicated that (k) TLR4 level in
primary microglia was decreased to 25.8% after TLR4 siRNA treatment (n= 3) and (l) TLR4 siRNA treatment deprived PTA (20 μM) of its
promotion on FAM-o-Aβ42 (200 nM) phagocytosis in primary microglia. *P < 0.05 vs DMSO-NC siRNA, ns represented no significant vs DMSO-
TLR4 siRNA, two-way ANOVA followed by Bonferroni’s multiple comparisons test. n= 9.
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Cell transfection with siRNA
ERβ siRNA and TLR4 siRNA were purchased from Genomeditech
(Shanghai) Co., Ltd (Shanghai, China). The target sequence in
mouse ERβ for siRNA oligonucleotide duplexes was 5′-GGUCC-
CAUCUAUAUCCCUU-3′, the target sequence in mouse TLR4 for
siRNA oligonucleotide duplexes was 5′-GCAUAGAGGUAGUUC-
CUAAUA-3′.
Primary neurons or microglia were seeded into culture plate

and cultured for 24 h, and then treated with negative control (NC)
or ERβ siRNA or TLR4 siRNA by using Lipofectamine 2000 and
incubated for 6 h at 37 °C. ERβ or TLR4 silencing efficacy of siRNA
was evaluated by qPCR 48 h or 24 h later (Fig. 1g, k, and
Supplementary Fig. S2a).

Mitochondrial membrane potential (MMP) assay
MMP level was detected according to the manufacturer’s
instructions. Briefly, the cells cultured in plates were aspirated
and washed once with PBS buffer. JC-1 staining working solution
was added in the plate and incubated at 37 °C for 20 min. The
supernatant was then removed, and cells were washed twice with
JC-1 staining buffer (1×). Pictures were taken by using Lecia DMI8
microscope (Lecia, Germany) and subsequently analyzed by
ImageJ software system (NIH Image, Bethesda, MD, USA). Finally,
MMP level was calculated by red fluorescence intensity/green
fluorescence intensity.

CUT&Tag assay
CUT&Tag assay was performed by Hieff NGS® G-Type In-Situ DNA
Binding Profiling Library Prep Kit for Illumina (Cat No. 12598,
Yeasen Biotechnology, Shanghai, China) according to the manu-
facturer’s instructions. Briefly, primary neurons or microglia were
harvested, washed, and collected. To the cells were added
activated paramagnetic Concanavalin A beads, followed by
incubation with primary or secondary antibody at room tempera-
ture (RT). Cells were washed twice with magnet stand to remove
unbound antibodies and incubated with 1 μL pA/G-Transposome
Mix for 1 h at RT. Next, cells were resuspended in Tagmentation
Buffer and incubated at 37 °C for 1 h. Then, 2 μL 15× Terminate
Solution, 1 μL DNA Spike-in mix and 1 μL 30× Proteinase K
were added to 31 μL of sample, followed by incubation at 55 °C for
30min.
To amplify libraries, 20 µL DNA was mixed with 3 µL PCR Primer

Mix, 1 µL N502, 1 µL N701 and 25 µL 2× Ultima Amplification Mix.
Then, samples were placed in a Thermocycler with a heated
lid using the following cycling conditions: 72 °C for 3 min; 95 °C for
30 s; 15 cycles of 95 °C for 10 s, 55 °C for 30 s and 72 °C for 30 s;
final extension at 72 °C for 5 min and hold at 4 °C. Post-PCR clean-
up was performed by adding 1.2× volume of DNA Selection Beads,
and libraries were incubated with beads at RT for 5 min, washed
twice gently in 80% ethanol, and eluted in 21 µL ddH2O.

Animals
All animal experiments were performed in accordance with the
institutional ethical guidelines on animal care of Nanjing
University of Chinese Medicine.
B6SJL-transgenic (APP/PS1) female mice (6 month) were

purchased from GemPharmatech (Nanjing, China). Each mouse
was housed in each cage and maintained in a temperature
controlled (22 ± 2 °C) environment and humidity (45% ± 10%) for
12 h in the light and 12 h in dark cycle during the experiment
period. Mice were allowed to freely access to food and water. The
study protocol was approved by the Ethics Committee of Nanjing
University of Chinese Medicine.

Animal group and PTA administration
After acclimatization for 7 days, thirty-six of 6-month-old female
APP/PS1 mice were randomly divided into three groups and
twelve 6-month-old wild-type (WT) mice were used as a NC. PTA

was dissolved in saline solution containing 2% (v/v) DMSO and 1%
(v/v) Tween 80. Three groups of female APP/PS1 mice were
administered 20, 40 mg · kg−1 · d−1 PTA and vehicle (saline
solution containing 2% (v/v) DMSO and 1% (v/v) Tween 80), and
WT group of mice was administered vehicle by oral gavage for
90 days. After 90-day treatment with PTA, Morris water maze
(MWM) and Y-maze were applied to evaluate the cognitive ability
and spatial working memory of mice.

Behavioral experiment
Morris water maze test. Morris water maze (MWM) was
performed according to the published method [37]. Briefly, during
over 7 consecutive days with three trials per day, mice were
trained to use a variety of visual cues located on the pool wall to
find a hidden submerged white platform in a circular pool (120 cm
in diameter, 50 cm deep) filled with white-tinted water. For each
training day, mouse was placed in the water facing the pool wall
from three different positions to find the hidden platform within
90 s. If the mouse found the platform, it was allowed to stay on it
for 15 s. If the mouse failed to find the platform within 90 s, the
animal was guided to the platform and kept there for 15 s. On the
8th day, the platform was removed to test memory retention of
the mice. The mice were allowed to swim for 90 s in search for it.
All data were collected for mouse performance analysis. For data
analysis, the pool was divided into four equal quadrants formed
by imaging lines, and intersected in the center of the pool at right
angles called north, south, east, and west.

Y-maze test. The test was performed according to the published
methods [38]. The mice were placed in the maze with the same
starting arm, and allowed to explore freely on the three arms for 5
min. A mouse entering three different arms was continuously
recorded as a completing spontaneous alternation. The maximum
spontaneous alternation is the sum of the number of arms
advances - 2. Percentage of spontaneous alternation reaction=
actually completed spontaneous alternation/the maximum spon-
taneous alternation × 100%. All movements were recorded
through a video camera and the percentage of correct alteration
was calculated.

Brain sample processing
After behavioral assays, mice were euthanized, and brains were
removed rapidly and bisected in a mid-sagittal plane. The right
hemisphere was divided into cortex and hippocampus and stored
at −80 °C for further analysis. The left hemispheres were fixed with
4% paraformaldehyde for 24 h, and then cryoprotected in
phosphate-buffered saline (PBS) containing 30% sucrose. The
tissue was embedded in OCT and cut in the coronal plane into 20
μm slices for further pathological and immunofluorescence assays.
In addition, the whole brains of three mice in each group were
used for Golgi staining experiment by using a Rapid Golgi
Stain Kit.

Microglial phagocytosis of o-Aβ42
Cell-based assay. Aβ42 oligomers were prepared based on the
published approach [39]. In o-Aβ42 phagocytosis assay, BV2 cells
or primary microglia were incubated with FAM-o-Aβ42 (200 nM)
and PTA for 4 h. IncuCyte Zoom detector was used for recording
FAM-o-Aβ42 phagocytosis process. In the assay, at least 5000 cells
from each group were analyzed from three independent
experiments.

Tissue-based assay. Given that Iba1 is a calcium-binding protein
that expresses specifically in microglia of the brain [40], Iba1
antibody was used to label microglia in the assay for investigating
the activity of PTA in promoting microglial phagocytosis of Aβ in
APP/PS1 mice. Iba1/Aβ colocalization percentage was measured
by the “colocalization rate” in the ImageJ software.
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Western blot
Primary neurons and brain tissue were lysed in RIPA buffer
(Beyotime) containing a protease and phosphorylase inhibitor
cocktails (Thermo Scientific, Cleveland, OH, USA) on ice. Protein
concentration was determined by using BCA protein assay kit
(Beyotime). Equal amounts of protein from each sample were
separated in SDS-PAGE gels, proteins were transferred to a
polyvinylidene difluoride membrane (Immobilon) by electrophor-
esis apparatus. After blocking nonspecific binding in 5% skimmed
milk for 2 h at RT, the membranes were incubated with primary
antibodies (dilution 1:1000) overnight at 4 °C and washed,
followed by incubation with secondary antibody (dilution
1:3000) conjugated with horseradish peroxidase (Jackson Immu-
noResearch, Cambridge, UK) reaction for 2 h at RT. Immunoreac-
tive bands were visualized and enhanced by the Dura detection
system (Thermo Scientific). The density of protein brands was
quantified using ImageJ software.

Quantitative real-time PCR
Total RNA from cells or tissues was isolated with RNAiso plus reagent
according to the manufacture’s protocol. cDNA synthesis was
performed with oligo-dT as the primer using reverse-PCR kit (TaKaRa
Biotechnology, Dalian, China). qPCR was performed on Bio-Rad real-
time PRC detection system with SYBR Premix Ex Taq kit. Relative
transcript levels were calculated by 2−ΔΔCt method [41].
Primer sequences for analysis of BDNF, Catalase, ERβ, GAPDH,

and TLR4 mRNA were shown in Table 1.
The brain tissues of four mice in each group were selected for

qPCR detection.

Immunostaining assay
Primary neuron cell-based assay. After incubation of o-Aβ25–35
(20 μM) with different concentrations of PTA for 24 h, the
extracellular medium was washed away three times using PBS
buffer (pH 7.4), followed by postfix in 4% PFA for 25min at RT. The
cells were blocked against nonspecific binding in 4% BSA for 30
min at RT and incubated overnight at 4 °C with primary antibody
(dilution 1:250). Then, the slides were washed with PBS three times
and incubated with secondary antibody (dilution 1:1000) for 30
min at RT. Finally, samples were incubated with Hoechst
33342 solution for 3–5min, and detected by a fluorescence
microscope (Leica, Germany). The images were analyzed by the
ImageJ software.

Brain tissue. Brain sections were permeabilized in PBS containing
0.3% Triton X-100, then blocked with PBS with 4% albumin from
bovine serum (BSA). The sections placed in a wet box were
exposed to primary antibody overnight at 4 °C. Sections were
washed with PBS and incubated with secondary antibody for 1 h
at RT in dark. Finally, the sections were incubated with Hoechst

33342 solution for 3–5min, and observed by using Leica DMI8
microscope system (Leica). The images were analyzed by the
ImageJ software.

Golgi staining
The morphology of dendritic spines in the brain was analyzed
using an FD Rapid Golgi Stain Kit (FD Neuro technologies, Elliot
City, MD, USA) according to the manufacturer’s instructions.
Briefly, the whole brains were immersed in an impregnation
solution consisting of solution A and B (1:1) for 2 weeks at RT in
dark and subsequently transferred to solution C in dark for 3 days.
The brains were then embedded using OCT (SAKURA, Finetek, CA,
USA) and cut into 100 μm-thick sections by using a vibratome
(Leica) and placed onto microscope slides. After drying at RT, the
sections were washed twice by double-distilled water for 4 min,
and then placed into a working solution composed of solution D,
solution E and double-distilled water (v:v:v, 1:1:2) for 10 min. After
washing with ddH2O twice, the sections were dehydrated in
graded alcohol solutions (50%, 75%, 95% and 100%), cleaned in
xylene and covered lipped. Images of neurons were obtained by
an automated upright microscope (Leica).

Thioflavin-S staining
Thioflavin-S is a fluorescent dye that specifically binds to amyloid
fibrils [42]. In the assay, the brain sections were rinsed three times
with 0.01 M PBS for 5 min, and incubated with 0.3% thioflavin-S
(thioflavin-S in 50% alcohol) for 8 min at RT in dark. Then, the slices
were washed with 50% alcohol three times for 5 min and
subsequently washed with distilled water for 5 min. The images
were processed using Leica DMI8 microscope, and the numbers
and percentages of thioflavin-S-labeled Aβ plaques in the cortex
or hippocampus were quantified by the ImageJ software system.

Malondialdehyde (MDA) assay
Detection of MDA content was performed according to the
manufacturer’s instructions. Briefly, the brain tissue was homo-
genized on ice with Western lysate buffer and centrifuged at
12000 × g for 10 min. The supernatant was then taken for MDA
determination. BCA assay kit was used to determine the protein
concentration of the samples.

Statistical analysis
All experiments were performed in triplicate to independently
obtain three experimental data. All values were expressed as
mean ± standard error of the mean (SEM). Differences
between two groups were analyzed with Student’s t test,
differences in the escape latency in the MWM test were analyzed
using two-way ANOVA followed by Bonferroni’s multiple compar-
isons test. And the other data were analyzed by one-way ANOVA
followed by Bonferroni’s multiple comparisons test. P < 0.05 being
considered significantly. The data were analyzed for statistical
significance using the graphing program GraphPad Prism 8 (San
Diego, CA, USA).

RESULTS
PTA was a selective ERβ agonist
PTA was ever reported to be a selective ERβ agonist [22], but lack
of detailed supporting data. Here, luciferase reporter assay was
performed to verify the selective agonistic effects of PTA on the
transcriptional activities of ERβ and ERα. As shown in Supplemen-
tary Fig. S1a, b, PTA agonized ERβ transcriptional activity but
antagonized ERα transcriptional activity.
In addition, MST assay [43] was also performed to investigate

PTA binding to ERβ. As shown in Fig. 1b, the results demonstrated
that PTA bound to ERβ by dissociation constant (KD) at 288.9 ±
35.14 nM. Moreover, immunofluorescence assay results further

Table. 1. Primer sequences.

Primers Primer sequences (5’ to 3’)

BDNF Forward AGCCTCCTCTGCTCTTTCTGCTGGA

Reverse CTTTTGTCTATGCCCCTGCAGCCTT

Catalase Forward GCAGATACCTGTGAACTGTC

Reverse GTAGAATGTCCGCACCTGAG

ERβ Forward CTGTGATGAACTACAGTGTTCCC

Reverse CACATTTGGGCTTGCAGTCTG

GAPDH Forward ACAGCAACAGGGTGGTGGAC

Reverse TTTGAGGGTGCAGCGAACTT

TLR4 Forward ATGGCATGGCTTACACCACC

Reverse GAGGCCAATTTTGTCTCCACA
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indicated that PTA increased the nuclear localization of ERβ
(Supplementary Fig. S1c–f).
Thus, all results verified that PTA is a selective ERβ agonist.

PTA promoted microglial phagocytosis of o-Aβ42
PTA promoted microglial phagocytosis of o-Aβ42 by targeting
ERβ. According to the published reports, Aβ accumulation and
its formed senile plaque are important pathological features of AD
[44] and microglia internalize and degrade Aβ to maintain the
stability of Aβ [45], while estrogen as an ERβ agonist enhanced Aβ
uptake and internalization in cultured microglia [46].
With these facts, we detected the potential of PTA in promoting

phagocytic and degradation abilities of BV2 cells against Aβ42 by
detecting FAM-labeled o-Aβ42 in the cells [36]. The results
demonstrated that PTA promoted the phagocytic activity of BV2
cell against FAM-o-Aβ42 (Fig. 1c, d).
In the assay to evaluate the effect of PTA on Aβ degradation,

the medium of BV2 cell was replaced by FAM-o-Aβ42-free medium
after the incubation of BV2 cell with FAM-o-Aβ42 for 4 h. As
indicated in Fig. 1e, f, PTA had no effects on Aβ degradation.
Next, ERβ siRNA assay was performed in primary microglia

(Fig. 1h), and the results demonstrated that ERβ siRNA deprived
PTA of its capability in promoting microglial phagocytosis of
o-Aβ42 (Fig. 1h).
Thus, all results demonstrated that PTA enhanced microglial

phagocytosis of o-Aβ42 by targeting ERβ.

PTA enhanced microglia phagocytosis of o-Aβ42 through ERβ/
TLR4 signaling. Given that TLR4 mediates Aβ42 phagocytosis [47],
we next investigated whether TLR4 signaling was responsible for
the PTA-promoted Aβ42 phagocytosis in primary microglia.
As indicated in Fig. 1i, PTA treatment increased the mRNA level

of TLR4 in primary microglia, and such a PTA-induced increase was
blocked by ERβ siRNA (Fig. 1j). This result thus demonstrated that
PTA stimulated TLR4 by targeting ERβ in primary microglia.
Moreover, the results in Fig. 1k, l indicated that TLR4 siRNA

deprived PTA of its ability in promoting FAM-o-Aβ42 phagocytosis
in primary microglia, thus demonstrating that TLR4 was required
for the enhancement of PTA on microglial phagocytosis of o-Aβ42.
Together, all results indicated that PTA enhanced microglial

phagocytosis of o-Aβ42 through ERβ/TLR4 signaling.

PTA protected synaptic integrity through ERβ/BDNF/TrkB/CREB
pathway in primary neurons
PTA protected synaptic integrity by targeting ERβ. Considering
that synaptic damage contributes largely to cognitive impairment
[48], immunofluorescence assay was next performed to evaluate
the potential of PTA in protecting synaptic integrity by detecting
the expression of synaptic integrity related proteins VAMP2 and
PSD95 [48–50] in primary neurons.
Immunofluorescence and Western blot assays revealed that

o-Aβ25–35 treatment suppressed the expressions of VAMP2 and
PSD95, and PTA antagonized such o-Aβ25–35-induced suppres-
sions (Fig. 2a–f). Moreover, ERβ siRNA downregulated the levels of
these two proteins, and deprived PTA of its above-mentioned
antagonistic activity against these two proteins (Fig. 2g–l).
Therefore, all results suggested that PTA protected synaptic

integrity by targeting ERβ.

PTA ameliorated o-Aβ25–35-induced synaptic damage through ERβ/
BDNF/TrkB/CREB pathway. According to the published reports,
ERβ activation promoted the growth and stability of new dendritic
spines and ameliorated synaptic plasticity damage in female mice
[51, 52]. In addition, BDNF is an important neurotrophic factor that
highly binds to TrkB, and BDNF activates the transcription factor
CREB that can regulate the expression of the genes encoding the
proteins related to neural plasticity [53], while ERβ regulates BDNF
expression in mice [11, 54]. With these facts, we investigated the

potential of PTA in regulating BDNF/TrkB/CREB signaling in
primary neurons. PCR and Western blot results demonstrated
that o-Aβ25–35 suppressed mRNA and protein levels of BDNF,
p-TrkB (Tyr 705) and p-CREB (Ser133), and PTA antagonized such
o-Aβ25–35-induced suppressions (Fig. 3a–e).
Notably, ERβ siRNA rendered no impacts on the protein level of

BDNF, p-TrkB (Tyr 705) or p-CREB (Ser133), but indeed abolished
the upregulation of PTA against BDNF/TrkB/CREB pathway in
primary neurons (Fig. 3f–j). These results thus verified that PTA
regulated BDNF/TrkB/CREB pathway by targeting ERβ, although
there are varied factors regulating BDNF, TrkB, or CREB.
Thus, all results indicated that PTA ameliorated Aβ-induced

synaptic damage through ERβ/BDNF/TrkB/CREB pathway.

PTA improved o-Aβ25–35-induced mitochondrial dysfunction and
oxidative stress in primary neurons
PTA ameliorated o-Aβ25–35-induced mitochondrial damage by
targeting ERβ. Given that mitochondrial dysfunction occurs in
the early stage of AD with exacerbation of oxidative stress [55–57],
and NDUFS3 as a core subunit of mitochondrial complex I plays a
key role in electron transport of the oxidized respiratory chain [58],
we investigated the potential of PTA in antagonizing the Aβ-
induced mitochondrial damage in primary neurons.
MMP assay kit with JC-1 was used to detect MMP level of

neurons [59]. As expected, PTA antagonized the o-Aβ25–35-
induced decrease of MMP level (Fig. 4a, b). Moreover, ERβ siRNA
deprived PTA of its capability in antagonizing the o-Aβ25–35
induced MMP decline (Fig. 4f, g). Western blot assay results
demonstrated that PTA antagonized the o-Aβ25–35-induced
suppression of NDUFS3 (Fig. 4c, d) and ERβ siRNA deprived PTA
of such an antagonistic capability (Fig. 4h, i) in primary neurons.
Together, all results demonstrated that PTA ameliorated

mitochondrial damage in primary neurons by targeting ERβ in
primary neurons.

PTA ameliorated o-Aβ25–35-induced oxidative stress in neurons
through ERβ/Catalase pathway without influence on mitochondrial
ERβ protein expression. To investigate the capability of PTA in
alleviating oxidative stress, the gene expression of antioxidant
enzymes Catalase [60] was detected by qPCR in primary neurons.
PCR results indicated that o-Aβ25–35 inhibited Catalase expression,
and PTA efficiently antagonized such o-Aβ25–35-induced inhibition
of Catalase expression in primary neurons (Fig. 4e). Meanwhile,
ERβ siRNA treatment blocked PTA of its above-mentioned
antagonistic capability (Fig. 4j).
According to the published report [61], ERβ localizes to nuclear,

plasma membrane and mitochondria, and mitochondrial ERβ
(mtERβ) directly affects neuronal mitochondrial function. Thus,
Western blot assay was performed to evaluate the potential effect
of PTA on the expression of mtERβ, and the results indicated that
PTA failed to antagonize the o-Aβ25-35-induced the decline in
mtERβ protein level (Supplementary Fig. S2b, c).
Taken together, our results demonstrated that PTA alleviated

oxidative stress in neurons via ERβ/Catalase pathway without
influence on the protein expression of mtERβ.

ERβ bound to the promotor of BDNF but had no binding affinity to
Catalase or TLR4. It was reported that ERβ regulates downstream
genes through two patterns. One is that ERβ directly binds to the
promotor of downstream genes, and the other is that ERβ
regulates the transcriptions of downstream genes through
transcription factors [19]. With these facts, CUT&Tag assay [62]
was performed to investigate the potential of ERβ binding to the
promoter(s) of the target gene(s).
As shown in Supplementary Fig. S6, qPCR results indicated that

compared to IgG group, the level of BDNF expression was highly
increased and the level of Catalase or TLR4 was almost unchanged
in ERβ group. These results thus implied that ERβ bound to the
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Fig. 2 PTA antagonized the o-Aβ25–35-induced decrease in the levels of VAMP2 and PSD95 in primary neurons. a–f Immunofluorescence
and Western blot assays with quantification results demonstrated that PTA (5, 10, 20 μM) antagonized the o-Aβ25–35 (20 μM)-decreased levels of
(a, b, e, f) VAMP2 and (c, d, e, f) PSD95. g–l Immunofluorescence and Western blot results with quantification results demonstrated that ERβ siRNA
deprived PTA (20 μM) of its above-mentioned antagonistic activities against (g, h, k, l) VAMP2 and (i, j, k, l) PSD95. All assays were performed in
primary neurons. #P < 0.05 and ###P < 0.001 vs DMSO, *P < 0.05, **P < 0.01, ***P < 0.001 vs o-Aβ25–35, one-way ANOVA followed by Bonferroni’s
multiple comparisons test. n ≥ 3. Scale bar: 250 μm, 100 μm.
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Fig. 3 PTA antagonized o-Aβ25–35-induced suppression on ERβ/BDNF/TrkB/CREB pathway in primary neurons. a, b Immunofluorescence and
(c) qPCR assay results indicated that PTA (5, 10, 20 μM) reversed the o-Aβ25–35 (20 μM) -induced decrease of BDNF (n ≥ 3). d, e Western blot with
quantification results showed that PTA (5, 10, 20 μM) antagonized the o-Aβ25–35 (20 μM)-induced decrease in protein levels of BDNF, p-TrkB (Tyr 705),
p-CREB (Ser133) (n= 3). f, g Immunofluorescence and (h) qPCR assays results demonstrated that ERβ siRNA deprived PTA (20 μM) of its capability in
antagonizing the o-Aβ25–35 (20 μM)-induced decrease of BDNF. i, j Western blot assay with qualification indicated that ERβ siRNA deprived PTA (20
μM) of its antagonistic capability against o-Aβ25–35 (20 μM)-induced suppression on the protein expression levels of BDNF, p-TrkB (Tyr 705), p-CREB
(Ser133). All assays were performed in primary neurons. #P< 0.05, ##P< 0.01 and ###P< 0.001 vs DMSO, *P< 0.05, **P< 0.01 and ***P< 0.001 vs
o-Aβ25–35, ns represented no significant, one-way ANOVA followed by Bonferroni’s multiple comparisons test. n ≥ 3. Scale bar: 250 μm, 100 μm.
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Fig. 4 PTA improved o-Aβ25–35-induced mitochondrial dysfunction and Catalase expression decrease by targeting ERβ in primary
neurons. a, b Immunofluorescence assay with quantification results indicated that PTA (5, 10, 20 μM) antagonized the o-Aβ25–35 (20 μM)-
induced MMP decline (n= 5). c, d Western blot assay with quantification results demonstrated that PTA (5, 10, 20 μM) antagonized the
o-Aβ25–35 (20 μM)-induced decline in NDUFS3 protein level (n= 3). e qPCR assay result demonstrated that PTA (5, 10, 20 μM) antagonized the
o-Aβ25–35 (20 μM)-induced decrease in Catalase expression (n= 3). f, g Immunofluorescence and quantification results demonstrated that PTA
(5, 10, 20 μM) reversed the o-Aβ25–35 (20 μM)-induced decrease in MMP by targeting ERβ (n= 5). h, i Western blot assay with quantification
results demonstrated that ERβ siRNA deprived PTA (20 μM) of its capability in antagonizing the o-Aβ25–35-induced decline in NDUFS3 protein
level (n= 3). j qPCR assay result revealed that ERβ siRNA deprived PTA (20 μM) of its antagonistic capability against the o-Aβ25–35 (20 μM)-
induced decrease in Catalase (n= 3). All assays were performed in primary neurons. #P < 0.05, ##P < 0.01, ###P < 0.001 vs DMSO, *P < 0.05, **P <
0.01 and ***P < 0.001 vs o-Aβ25–35, ns represented no significant, one-way ANOVA followed by Bonferroni’s multiple comparisons test. Scale
bar: 250 μm, 100 μm.
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promoter of BDNF in primary neurons but had no binding
affinities to Catalase in primary neurons or TLR4 in primary
microglia.

PTA ameliorated cognitive dysfunction in APP/PS1 mice
To investigate the potential of PTA in ameliorating memory
impairment of female APP/PS1 transgenic mice, MWM, and
Y-maze mice behavioral assay were performed according to the
published approaches [33, 63, 64].

MWM test. In 7-day training trails, the escape latencies to find the
platform for APP/PS1 mice were obviously longer than those for
WT mice, and administration of PTA (20, 40 mg · kg−1 · d−1)
efficiently ameliorated these prolongations of APP/PS1 mice
(Fig. 5a and Supplementary Fig. S3a).

Y-maze test. The spontaneous alternation behavior of APP/PS1
mice was expectedly poorer than that of WT mice, and PTA
administration (40 mg · kg−1 · d−1) obviously improved the spon-
taneous alternation behavior of APP/PS1 mice (Fig. 5b and
Supplementary Fig. S3b).
Therefore, all results indicated that PTA alleviated learning and

memory impairment in APP/PS1 mice.

PTA treatment ameliorated Aβ pathology in brains of APP/PS1
mice
PTA reduced Aβ plaque load. As Aβ-induced senile plaque in the
brain is a key neuropathology of AD, we investigated the potential
suppression of PTA on Aβ deposition in brain of APP/PS1 mice by
thioflavin S staining assay.
In the assay, the plaques were stained in green fluorescence. As

indicated in Supplementary Fig. S2c, d, the plaque in either cortex
or hippocampus of APP/PS1 mice was expectedly bigger than that
of WT mice. Notably, PTA treatment (20, 40 mg · kg−1 · d−1)
efficiently reduced both senile plaque number and the average
plaque-occupied area in the hippocampus and cortex of APP/PS1
mice (Fig. 5c–e and Supplementary Fig. S3c–f).

PTA treatment promoted microglial phagocytosis of Aβ via TLR4
upregulation in APP/PS1 mice. By considering that Iba1 as a
specific marker of activated microglia could be used to
characterize gliosis caused by oxidative stress and other reasons
[65], Iba1 related assay was here performed to detect the
recruitment of activated microglia to amyloid plaques in APP/
PS1 mice by co-staining with Aβ [33].
In the assay, the colocalization rate of Aβ with Iba1 was

quantified to evaluate the activity of PTA administration (20, 40
mg · kg−1 · d−1) in promoting microglial phagocytosis of Aβ in
APP/PS1 mice. The results shown that PTA administration
efficiently promoted the recruitment of Iba1 positive cells to
amyloid plaques in the hippocampus and cortex of APP/PS1 mice
(Fig. 5f, g, and Supplementary Fig. S3g, h).
Next, qPCR and Western blot assays were performed to detect

the regulation of PTA against TLR4 in the hippocampus and cortex
of APP/PS1 mice, and the results (Fig. 5h–j and Supplementary
Fig. S3i–k) demonstrated that PTA administration effectively
promoted TLR4 level.

PTA treatment enhanced synaptic integrity in brains of APP/PS1
mice
PTA treatment upregulated dendritic spine integrity. Given that we
have confirmed the capability of PTA in ameliorating synaptic
damage by promoting the expression levels of synaptic integrity
related proteins VAMP2 and PSD95 in neurons, we next
investigated such beneficial effects of PTA in brains of APP/
PS1 mice.
As expected, both immunofluorescence (Fig. 6a–d and Supple-

mentary Fig. S4a–d) and Western blot (Fig. 6e, f, and

Supplementary Fig. S4e, f) assay results implied that the densities
and protein expression of VAMP2 and PSD95 were efficiently
increased in the hippocampus and cortex of the PTA (20, 40mg ·
kg−1 · d−1)-treated APP/PS1 mice compared to those of the
vehicle-treated APP/PS1 mice.
As indicated in the published reports, dendritic spines are the

central sites of postsynaptic transmission and formation and
elimination of spines is a lifelong dynamic process that is
dependent on varied extra and intra-neuronal signals [66]. In
addition, the shape and number of dendritic spines are closely
related to the cognitive function [67, 68]. With these facts, we used
Golgi staining [69] to investigate the integrity of dendrites and the
number of dendritic spines of neurons in brains of the mice.
The results indicated that PTA administration (20, 40mg · kg−1 · d−1)

obviously increased the development of the dendritic spine in the
hippocampus and cortex of APP/PS1 mice (Fig. 6g and Supple-
mentary Fig. S4g).
In addition, by considering that the hippocampal CA1 region

functions potently in cognition [70], the spine density of the
hippocampal CA1 region was also detected. The spine density
in vehicle-treated APP/PS1 group was 0.71 ± 0.02 horns/μm,
and such a value was obviously increased in PTA-treated mice
(20 mg · kg−1 · d−1, 1.28 ± 0.08 horns/μm; 40mg · kg−1 · d−1, 1.44 ±
0.11 horns/μm) (Fig. 6h, i).
Together, all data suggested that PTA protected synaptic

integrity involving upregulation of dendritic spine integrity in
APP/PS1 mice.

PTA ameliorated synaptic damage in brains of APP/PS1 mice via
BDNF/TrkB/CREB pathway. Next, we also investigated the effect
of PTA treatment on BDNF/TrkB/CREB signaling pathway in the
hippocampus and cortex of the mice. Obviously, immunofluores-
cence and qPCR assay results revealed the increase of BDNF
expression (Fig. 6j–l and Supplementary Fig. S4h–j), and Western
blot results showed the upregulation of protein levels of BDNF,
p-TrkB (Tyr 705) and p-CREB (Ser133) (Fig. 6m, n, and Supple-
mentary Fig. S4k, l) in the hippocampus and cortex of PTA (20,
40mg · kg−1 · d−1)-treated APP/PS1 mice compared with those of
vehicle-treated APP/PS1 mice.
Taken together, all results indicated that PTA ameliorated

synaptic damage by regulation of BDNF/TrkB/CREB signaling
pathway in APP/PS1 mice.

PTA treatment suppressed oxidative stress by regulating Catalase
expression in APP/PS1 mice
Astrocyte is an abundant glial cell and a target cell of estrogen in
the central nervous system (CNS) [71, 72]. It plays a more crucial
role in regulating oxidative stress in CNS in comparison to
neurons. In addition, GFAP-marked reactive astrogliosis is
accepted as a universal marker of AD [73], and GFAP expression
level in 6-month-old APP/PS1 mice was higher than in wild-type
mice [74–77].
With these facts, immunofluorescence assay was performed to

investigate the regulation of PTA treatment against the activation
of astrocytes in the hippocampus and cortex of APP/PS1 mice by
detecting GFAP expression level. The results indicated that PTA
treatment (20, 40 mg · kg−1 · d−1) obviously inhibited GFAP levels
in the hippocampus and cortex of APP/PS1 mice (Fig. 7a, b, and
Supplementary Fig. S5a, b). These results thus demonstrated that
PTA treatment suppressed the activation of astrocytes.
In addition, MDA assay kit [78] was also used to investigate the

regulation of PTA treatment against oxidative stress in the cortex
of APP/PS1 mice. The results demonstrated that PTA treatment
(20, 40 mg · kg−1 · d−1) reduced MDA level (Supplementary
Fig. S5c), indicative of the PTA treatment-induced suppression of
oxidative stress.
Given that ERβ/Catalase pathway has been confirmed to be

responsible for PTA-mediated suppression against oxidative stress
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in neurons (Fig. 4f–j), we investigated the regulation of Catalase
expression by PTA treatment in the hippocampus and cortex of
APP/PS1 mice by qPCR assay. As expected, PTA treatment (20, 40
mg · kg−1 · d−1) efficiently upregulated mRNA levels of Catalase
(Fig. 7c, and Supplementary Fig. S5d).
Together, all results indicated that PTA decreased oxidative

stress via upregulation of Catalase signaling in brains of APP/
PS1 mice.

PTA suppressed apoptosis by regulation of Bcl-2 family proteins in
APP/PS1 mice
According to the published reports, apoptosis is caused by a
variety of reasons playing an important role in maintaining the
homeostasis of the body, and tightly implicated in the pathology
of AD [79], while Bcl-2 family functions potently in multiple
pathways of apoptosis [80, 81]. With these facts, we investigated
the potential effects of PTA treatment on the regulation of Bcl-2

Fig. 5 PTA improved cognitive impairment and promoted microglial phagocytosis of Aβ in the hippocampus of APP/PS1 mice. a Results
of escape latency during platform trials indicated that PTA treatment ameliorated the cognitive defect in APP/PS1 mice. ***P < 0.001 vs APP/
PS1 group. Two-way ANOVA followed by Bonferroni’s multiple comparisons test, n= 12. b Results of percentage of correct spontaneous
alternation demonstrated that PTA treatment enhanced the spatial working memory defect in APP/PS1 mice (n= 12). c–e Micrographs of
thioflavin-S staining and quantification results indicated that PTA decreased senile plaques in the hippocampus of APP/PS1 mice (n ≥ 3). f, g
Immunofluorescence assay with quantification results demonstrated that PTA increased the colocalization rate of Aβ and Iba1 in the
hippocampus of APP/PS1 mice (n= 5). h–j qPCR and Western blot assays with qualification results demonstrated that PTA increased TLR4
expression in the hippocampus of APP/PS1 mice (n ≥ 3). *P < 0.05 and ***P < 0.001 vs APP/PS1 group. One-way ANOVA followed by Bonferroni’s
multiple comparisons test. Scale bar: 500 μm, 250 μm. APP/PS1: APP/PS1 mice treated with vehicle, PTA-20: APP/PS1 mice treated with PTA
(20mg · kg−1 · d−1), PTA-40: APP/PS1 mice treated with PTA (40mg · kg−1 · d−1).
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Fig. 6 PTA improved synaptic impairment and upregulated BDNF/TrkB/CREB pathway in the hippocampus of APP/PS1 mice. a–d
Micrographs and quantification results demonstrated that PTA increased (a, b) VAMP2 and (c, d) PSD95 expressions in the hippocampus of
APP/PS1 mice. n= 5. Scale bar: 250 μm. e, f Western blot assay with quantification results revealed that PTA increased VAMP2 and PSD95
expressions in the hippocampus of APP/PS1 mice (n= 3). g–i Golgi staining of dendritic spine with quantification results indicated that PTA
treatment improved the spine density in the hippocampus of APP/PS1 mice. n= 5. Scale bar: 1000, 50, 5 μm. j, k Immunofluorescence and (l)
qPCR assays with quantification results demonstrated that PTA increased BDNF expression in the hippocampus of APP/PS1 mice. n ≥ 4. Scale
bar: 250 μm. m, n Western blot assay with quantification results demonstrated that PTA upregulated the protein levels of BDNF, p-TrkB (Tyr
705) and p-CREB (Ser133) in the hippocampus of APP/PS1 mice (n= 3). *P < 0.05 and **P < 0.01 vs APP/PS1 group. One-way ANOVA followed by
Bonferroni’s multiple comparisons test. APP/PS1: APP/PS1 mice administrated with vehicle, PTA-20: APP/PS1 mice administrated with PTA
(20mg · kg−1 · d−1), PTA-40: APP/PS1 mice administrated with PTA (40 mg · kg−1 · d−1).
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family proteins by Western blot assay in the hippocampus and
cortex of APP/PS1 mice.
Western blot results showed that the level of pro-apoptotic

protein Bax was significantly decreased and the levels of anti-
apoptotic proteins Bcl-2 and Bcl-xl were increased in PTA-treated
APP/PS1 mice (Fig. 7d, e, and Supplementary Fig. S5e, f).

DISCUSSION
Accumulating evidence has confirmed that brain estrogen
deficiency is highly implicated in AD pathology [82–86], and
estrogen therapy has been believed to be efficient in improving
the dysfunction of cognition and reducing the risk of developing
AD for postmenopausal women [87, 88]. Here, we also found that
the estrogen level in brain of APP/PS1 mice was lower than that in
WT mice, while the estrogen level in brain of 9-month-old APP/PS1
mice was lower than that in 6-month-old APP/PS1 mice
(Spplementary Fig. S7), which is in accordance with the clinical
data that estrogen level is downregulated in AD female patients
and gradually declined with age [89]. Our results have thus
provided the potential that 6-month-old APP/PS1 female mice
might be suitable models for analysis of estrogen alternative
therapy on AD.
ERβ selective agonist has been valued as a drug capable of

avoiding the induction of the cancers of breast and other

reproductive organs [90–93]. We determined that the natural
product PTA as a selective ERβ agonist effectively alleviated AD-
like pathology in female 6-month-old APP/PS1 mice, and the
underlying mechanism has been intensively investigated. Our
findings have provided new evidence for the role of ERβ in AD.
It was reported that hydroxytyrosol acetate improved the

cognitive function of APP/PS1 transgenic mice in an ERβ-
dependent manner and rendered no effects on Aβ accumulation
and plaque formation [21]. In the current work, we determined that
PTA enhanced microglial phagocytosis of o-Aβ42 by promoting
TLR4 expression, which is consistent with the result that estrogen
treatment reduced Aβ accumulation and plaque formation [82, 94].
To our knowledge, our work has firstly reported the linkage of TLR4
to ERβ-mediated microglial phagocytosis of Aβ.
Synaptic plasticity impairment and synaptic loss in the brain are

primary features of AD pathology and tightly related to AD
progression [50, 95, 96], while Aβ-induced amyloid plaques and
hyperphosphorylated Tau-composed neurofibrillary tangles are
two major factors of synaptic disturbance [97–99]. As an ERβ
selective agonist, PTA ameliorated synaptic deficit by reversing the
declines of VAMP2 and PSD95 proteins through ERβ/BDNF/TrkB/
CREB pathway. Moreover, we reported that ERβ increased BDNF
transcription through binding to the promotor of BDNF. Our work
might help better understand the role of ERβ in regulation of
neuronal synaptic plasticity.

Fig. 7 PTA decreased oxidative stress and regulated Bcl-2 family proteins in the hippocampus APP/PS1 mice. a, b Immunofluorescence
assay with quantification results demonstrated that PTA decreased GFAP expression in the hippocampus of APP/PS1 mice. n= 5. Scale bar:
250 μm. c qPCR assay results indicated that PTA improved Catalase expression in the hippocampus of APP/PS1 mice (n= 4). d, e Western blot
with quantification results suggested that PTA regulated Bcl-2 family proteins expression in the hippocampus of APP/PS1 mice (n= 3). *P <
0.05 and **P < 0.01 vs APP/PS1 group. One-way ANOVA followed by Bonferroni’s multiple comparisons test. APP/PS1: APP/PS1 mice treated
with vehicle, PTA-20: APP/PS1 mice treated with PTA (20 mg · kg−1 · d−1), PTA-40: APP/PS1 mice treated with PTA (40mg · kg−1 · d−1).
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Mitochondrial dysfunction is closely associated with AD [100]. It
has been reported that ERβ agonism improved mitochondrial
function in AD patients [101] and some small molecular agents
regulated mitochondrial dysfunction by directly binding to ERβ on
mitochondria [102]. In our work, we also extracted mitochondrial
proteins from cytoplasmic proteins in response to PTA treatment,
and Western blot results demonstrated that PTA had no impacts
on ERβ level (Spplementary Fig. S2b, c). Our results implied that
PTA improved mitochondrial function of neuronal cells through
regulation of intracellular ERβ-mediated signaling cascades in
nuclear instead of the influence on the expression of ERβ in
mitochondria, and we determined that PTA reversed mitochon-
drial damage through ERβ/Catalase pathway. Thus, our work
indicated that PTA could act as an antioxidant fighting against AD
and other related neurodegenerative diseases.
Apoptotic neuronal cell death is an intuitive representation of

AD [79] and Bcl-2 family proteins control apoptotic cell death in
normal and abnormal cells [81]. It was noted that we determined
the effect of PTA on Bcl-2 family proteins expression in APP/PS1
mice but failed to detect the regulation of PTA on Bcl-2 family
protein in o-Aβ25–35-treated neurons (data not shown). We
tentatively suggested that such a PTA-induced in vivo effect was
primarily due to the combined effects by the long-term treatment
of PTA.
In AD pathology, it is believed that Aβ accumulation outside

neurons of brains leads to varied harmful events including plaques
formation, synaptic loss, oxidative stress, and neuronal apoptosis
[103–105], while persistent oxidative stress aggravates the
production and aggregation of Aβ and synaptic loss. Here, as
summarized in the proposed schematic diagram (Fig. 8), PTA as a
selective ERβ agonist reduced amyloid plaque deposition by
promoting microglial o-Aβ42 phagocytosis through ERβ/TLR4
pathway. Meanwhile, PTA promoted synapse-related proteins
VAMP2 and PSD95 via ERβ/BDNF/TrkB/CREB signaling and

ameliorated oxidative stress through increasing Catalase expres-
sion. Therefore, all these combined beneficial effects of PTA
contribute to the amelioration of PTA on cognitive impairment of
AD model mice. Finally, our work has highly supported that
selectively targeting ERβ is a promising therapeutic strategy for
AD and highlighted the potential of PTA in the treatment of this
disease.
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