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Abstract
Prostaglandins (PGs) are early and key contributors to chronic neurodegenerative diseases. As one important member of classical
PGs, PGA1 has been reported to exert potential neuroprotective effects. However, the mechanisms remain unknown. To this end,
we are prompted to investigate whether PGA1 is a useful neurological treatment for Alzheimer’s disease (AD) or not. Using high-
throughput sequencing, we found that PGA1 potentially regulates cholesterol metabolism and lipid transport. Interestingly, we
further found that short-term administration of PGA1 decreased the levels of the monomeric and oligomeric β-amyloid protein
(oAβ) in a cholesterol-dependent manner. In detail, PGA1 activated the peroxisome proliferator-activated receptor-gamma
(PPARγ) and ATP-binding cassette subfamily A member 1 (ABCA1) signalling pathways, promoting the efflux of cholesterol
and decreasing the intracellular cholesterol levels. Through PPARγ/ABCA1/cholesterol-dependent pathway, PGA1 decreased
the expression of presenilin enhancer protein 2 (PEN-2), which is responsible for the production of Aβ. More importantly, long-
term administration of PGA1 remarkably decreased the formation of Aβmonomers, oligomers, and fibrils. The actions of PGA1
on the production and deposition of Aβ ultimately improved the cognitive decline of the amyloid precursor protein/presenilin1
(APP/PS1) transgenic mice.
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Introduction

As an inducible enzyme, activation of cyclooxygenase-2
(COX-2) results in the production of a series of biologically
relevant prostaglandins (PGs): PGI2, PGF2α, PGD2, TXA2,
PGE2, PGJ2, and PGA1 [1]. Each of these molecules partic-
ipates in distinct functional pathways and has diverse physio-
logical consequences, such as immuno- or vaso-modulatory
effects, which are beneficial or deleterious to different organs,
depending on the tissue substrate and clinical context [2].

Recently, increasingly targeted exploitation of downstream
PGs signalling pathways was shown to be involved in the
development and progression of AD [3]. For instance, PGI2
upregulates the expression of anterior pharynx-defective-1α
and anterior pharynx-defective-1β (APH-1α/1β) in amyloid
precursor protein/presenilin1 (APP/PS1) transgenic (Tg) mice
[4]. PGE2 signalling suppresses beneficial functions of
microglial cells in ADmodels [5]. Excitotoxicity-induced pro-
duction of PGD2 resulted in sustaining microglial activation
and delaying neuronal death [6]. 15-Deoxy-Δ12,14-prostaglan-
din J2 (15d-PGJ2), a dehydration product of PGD2 is a po-
tential target for halting inflammation-induced AD [7, 8].
However, a quite limited research has been reported describ-
ing the impact of PGA1 on AD. As one important member of
classical CyPGs, PGA1 may exert neuroprotective effects by
inhibiting NF-κB-mediated transcriptional activation [9], ac-
tivating nuclear receptor PPARγ [10]. In addition, PGA1 pro-
foundly changed the functions of cellular nucleophiles via
Michael addition [11]. For instances, PGA1 has been postu-
lated to attenuate rotenone-induced cytotoxicity in cultured
SH-SY5Y cells [12] and upregulate the expression of
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neurotrophic factors in C6 glioma cells [13]. PGA1 also exerts
protective effects on neurons against the stimulation of
quinolinic acid or focal ischemia in vivo [14]. Because these
effects are potentially neuroprotective, the therapeutic poten-
tial of PGA1 in neurodegenerative disorders, in which
excitotoxicity may contribute to pathogenesis, has been eval-
uated using many models. However, further detailed studies
have not yet been performed.

AD is an age-related disorder characterized by the deposi-
tion of β-amyloid protein (Aβ), the presence of neurofibril-
lary tangles (NFTs), and degeneration of neurons in different
brain regions, resulting in progressive cognitive dysfunction
[15]. Various factors may be involved in the etiology, patho-
genesis, and progression of AD [16]. Because this increasing-
ly detailed understanding of AD pathogenesis has yet to lead
to the development of an effective therapeutic intervention,
novel approaches warrant urgent development and rigorous
evaluation [17]. Refolo et al. revealed a correlation between
hypercholesterolemia, an early risk factor for AD, with aber-
rant activation of β-amyloid precursor protein (APP) process-
ing pathways and increased Aβ production [18]. Based on
accumulating evidence, elevated cholesterol levels stimulated
the activities of β- and γ-secretases, and a low cholesterol
environment inhibits the production of Aβ [19]. In addition,
a decreased incidence of AD is associated with the use of the
cholesterol-lowering drugs, such as simvastatin (3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor) [20].
Likewise, methyl-β-cyclodextrin, the cholesterol-extracting
reagent strongly reduces intracellular and extracellular levels
of Aβ1-40 and Aβ1-42 peptides in primary cultures of hippo-
campal neurons and mixed cortical neurons [21].
Interestingly, high cholesterol diets have the ability to accel-
erate the deposition of Aβ even though cholesterol could not
cross into the brain from the bloodstream in the brain of rab-
bits, guinea pigs, and rats [18]. To the reason, the effect of
cholesterol on AD is recently found to be largely dependent on
carriers and storage, such as apolipoprotein E (apoE), acyl-
coenzyme A:cholesterol acyltransferase (ACAT), and ATP-
binding cassette subfamily A member 1 (ABCA1) [22, 23].
In detail, ACAT has been regarded as a drug target of AD [24].
Overexpression of ABCA1 reduces the deposition of Aβ in
the PDAPP mouse model of AD [25]. Deletion of ABCA1
increases the deposition of Aβ in the PDAPP mouse model of
AD [26]. More directly, cholesterol is concentrated in the core
of dendritic amyloid plaques (APs) [27]. All in all, cholesterol
appears to play a key role in Aβ aggregation via its transport.

As the potential roles of cholesterol in the deposition of
Aβ, the molecules involved in regulating the metabolism of
cholesterol should be further identified. To this end, a few
studies have revealed a connection between PGs and choles-
terol [28]. For example, 15d-PGJ2/PPARγ/CD36 pathways
participate in regulating the metabolism of cholesterol [29].
In addition, increased synthesis of PGs may also be involved

in the niacin-induced activation of the PPARγ/liver X receptor
alpha (LXRα)/ABCA1 pathway in adipocytes [30]. For
ABCA1, it has the ability to modulate the cholesterol levels
of cerebrospinal fluid (CSF) and influences the age at onset of
AD [31]. Along these lines, the identification of a novel path-
way that regulates ABCA1 expression may represent a new
strategy for regulating Aβ levels. PGA1 acts as a potent and
specific ligand/activator of PPARγ, and this pathway regu-
lates lipid and lipoprotein metabolism. Therefore, does cho-
lesterol mediate the neuroprotective effect of PGA1?

Materials and Methods

Reagents

GW9662, a PPARγ antagonist, was obtained from Sigma-
Aldrich (St. Louis, MO). DIDS, an ABCA1 inhibitor, was pur-
chased from Santa Cruz Biotechnology (Dallas, TX). PGA1
and biotin-PGA1 (b-PGA1) were obtained from Cayman
Chemical (Ann Arbor, MI). Streptavidin-HRP (str-HRP) and
Neutravidin-agarose were purchased from GenScript Biotech
Corp. (Piscataway, NJ). Antibodies against β-actin, PPARγ,
PEN-2, Aβ, NeuN, and GFAP, and Alexa Fluor 488-, Alexa
Fluor 555-, and HRP-labelled secondary antibodies were ob-
tained from Cell Signalling Technology (Danvers, MA). Iba-1
and p-PPARγ (Ser82) antibodies were purchased from Merck
Millipore (Darmstadt, Hesse, Germany). The ABCA1 antibody
was obtained from Abcam (Shanghai, China). Antibodies
against α-cleavage of APP (sAPPα) and β-cleavage of APP
(sAPPβ) were obtained from IBL International Corp. (Toronto,
ON, Canada). We constructed retroviruses expressing specific
guide RNAs (gRNAs) against mouse ABCA1 and PPARγ
using vectors obtained from GENEWIZ, Inc. (Suzhou,
Jiangsu, China). DAPI was obtained from Beyotime Institute
of Biotechnology (Haimen, Jiangsu, China), and the Aβ1-42

enzyme immunoassay kit was purchased from Life
Technologies/Invitrogen (Carlsbad, CA). All reagents used for
the quantitative real-time PCR (qRT-PCR) and SDS-PAGE ex-
periments were purchased from Bio-Rad Laboratories
(Hercules, CA), and all other reagents were purchased from
Life Technologies/Invitrogen, unless specified otherwise.

Tg Mice and Treatments

Themalewild-type (WT) C57BL/6mice or APP/PS1 Tgmice
[B6C3-Tg (APPswe, PSEN1dE9) 85Dbo/J (#004462)] were
obtained from The Jackson Laboratory (Bar Harbor, ME), as a
model of AD. Genotyping was performed at 3 to 4 weeks after
birth.Mice were housed in groups of five animals per cage in a
controlled environment with a standard room temperature and
relative humidity and a 12-h light–dark cycle, with free access
to food and water. 6-month-old mice were treated with PGA1
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(2.5 mg/kg/day) by an intranasal instillation for 6 months be-
fore Aβ was determined. The mean body weight of the mice
was 20 g. Based on the results from studies showing that the
degree of enhancement of learning ability by PGA1 is higher
in aged rats than in young rats [32], 6-month-old mice were
treated with PGA1 for 3 months before their cognitive abilities
were assessed by the Morris water maze test or nest construc-
tion test. The general health and body weights of animals were
monitored daily. Mice from the different groups were anesthe-
tized, perfused with fixative, and brains were removed.

Whole-Transcriptome RNA Sequencing and Analysis

400 ng of RNA were utilized for library preparation by the
NEBNext® rRNA Depletion Kit, NEBNext® Ultra II
Directional RNA Kit and NEBNext® Multiplex Oligos for
Illumina® (New England Biolabs, Ipswich, MA). The quality
control of final reads with a size 350 bp was performed by the
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa
Clara, CA). Then, the reads were sequenced on a sequencing
platform based on HiSeq Xten illumina (Novogene Co. Ltd.,
Beijing, China). The resulting single-end RNA-seq reads were
mapped to the mouse genome assembly. Genes with FDR <
0.05 and minimum log2 FC of ± 1 were used for downstream
analysis. Enriched pathways identified in the Kyoto
Encyclopedia of Genes andGenomes (KEGG) or gene ontology
(GO) analysis are listed Tables S1 and S2, respectively.

Morris Water Maze

The mice were trained and tested in a Morris water maze after a
3-month treatment with PGA1. Briefly, the mice were pretrained
in a circular water maze with a visible platform for 2 days. The
platform was then submerged inside the maze, with the deck
located 0.5 cm below the surface of the water for the subsequent
experiments. Milk was added to the water to hide the platform
from sight. The mice were placed in the maze and allowed to
swim freely until they located the hidden platform. The whole
experiment lasted for 7 days. For the first 6 days, the mice were
allowed to swim in the maze, with a maximum time of 60 s to
find the platform. The learning sessions were repeated for 4 trials
each day, with an interval of 1 h between each session. The
spatial learning scores (the latency needed to locate and climb
onto the hidden platform and the length of the path to the plat-
form) were recorded. On the last day, the platform was removed,
and the times that the mice passed through the memorized region
were recorded for a period of 2 min (120 s). Finally, the recorded
data were analyzed with a statistical program.

Nest Construction Test

The mice were housed in cages with corncob bedding for
1 week before the nest construction test [33]. Two hours

before the onset of the dark phase of the light cycle, 8 pieces
of paper (5 × 5 cm2) were introduced into the home cage to
create conditions for nesting. The nests were scored on the
following morning using a 4-point system: 1, no biting/
tearing and random dispersion of the paper; 2, no biting/
tearing of the paper, with paper gathered in a corner/side of
the cage; 3, moderate biting/tearing of the paper, with gather-
ing in a corner/side of the cage; and 4, extensive biting/tearing
of the paper, with gathering in a corner/side of the cage [34].

CSF Collection

CSF was collected according to a published method [35].
Briefly, the mice were anesthetized and placed in prone posi-
tion on the stereotaxic instrument (RWD Life Science Inc.,
San Diego, CA). A sagittal incision of the skin was made
inferior to the occiput. Under a dissection microscope, the
subcutaneous tissue and neck muscles were bluntly separated
through the midline. A micro-retractor was used to hold the
muscles apart. Next, the mouse was placed with the body at a
135° angle while the head was fixed. At this angle, the dura
and spinal medulla were visible, with a characteristic glisten-
ing and clear appearance, and the circulatory pulsations of the
medulla (i.e., a blood vessel) and adjacent CSF space were
visible. The dura was then penetrated with a 6-cm glass cap-
illary with a tapered tip and an outer diameter of 0.5 mm. After
a noticeable change in resistance to capillary insertion, the
CSF flowed into the capillary. The average volume of CSF
obtained was 7 μL. All samples were stored in polypropylene
tubes at − 80 °C.

Intracerebroventricular Injection

5 μL of vehicle (DMSO), PGA1 (1 μg/μL), cholesterol
(1 mM), DIDS (1 mM), or GW9662 (40 μM) was injected
(i.c.v.) into experimental mice [36]. Briefly, stereotaxic injec-
tions were performed at the following coordinates from the
bregma: mediolateral, − 1.0 mm; anteroposterior, − 0.22 mm;
and dorsoventral, − 2.8 mm. After the injection, each mouse
recovered spontaneously on a heated pad. The reliability of
the injection sites was validated by injecting trypan blue dye
(Life Technologies/Invitrogen) in separate cohorts of mice and
observing staining in the cerebral ventricles. 48 h after the in-
jection, the mice were anesthetized, euthanized, and perfused.

Semi-denaturing Detergent Agarose Gel
Electrophoresis

Semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE) was performed as previously described [37]. The gel
containing a 1.5% agarose solution in 1× Tris-acetate buffer
(TAE) and 0.1% SDS was prepared. The gel was subjected to
electrophoresis at a low voltage (3 V/cm gel length) until the
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dye front reached ~ 1 cm from the end of the gel. The gel was
then transferred to the nitrocellulose membrane for a mini-
mum of 3 h. After transfer, the membrane was processed using
standard Western blot techniques.

Enzyme-Linked Immunosorbent Assay

Aβ ELISA Kit The mouse or human Aβ1-42 kit is a solid phase
sandwich enzyme-linked immunosorbent assay (ELISA),
which was purchased from Life Technologies/Invitrogen. A
monoclonal antibody against the NH2-terminus of human Aβ
was used to coat the wells of the microtiter strips provided.
During the first incubation, standards with a known human
Aβ1-42 content, controls, and unknown samples were pipetted
into the wells and co-incubated with a rabbit antibody against
the COOH-terminus of the Aβ1-42 sequence. This COOH-
terminal sequence is created upon cleavage of the analyzed
precursor. After washes, the bound rabbit antibody was de-
tected by the addition of a horseradish peroxidase-labelled
anti-rabbit antibody. After a second incubation and washing
step to remove all unbound enzyme, a substrate solution was
added, which is acted upon by the bound enzyme to produce a
colored product. The intensity of this colored product is di-
rectly proportional to the concentration of human Aβ1-42 pres-
ent in the original specimen.

Cholesterol ELISA Kit The cholesterol quantitation kit from
Sigma-Aldrich was used to determine the concentrations of
free cholesterol, cholesteryl esters, or both (total). In this kit,
the total cholesterol concentration was determined by a
coupled enzyme assay, which results in a colorimetric
(570 nm)/fluorometric product that is proportional to the con-
centration of cholesterol present in the sample.

Cell Culture

Mouse neuroblastoma N2a cells and N2a cells stably express-
ing human APP carrying the K670N/M671L Swedish muta-
tion (APPsw cell) were grown (37 °C and 5% CO2) on 6 cm
tissue culture dishes (1 × 106 cells per dish) in an appropriate
medium. In a separate set of experiments, cells were grown in
serum-free medium for an additional 12 h before incubation
with inhibitors in the absence or presence of PGA1.

Cell Fractionation

APPsw cells were treated with vehicle or PGA1 in a final
concentration of 10 μM for 48 h. Nuclear and cytosol were
separated according to previously described methods [38].
Protein content was determined by bicinchoninic acid
(BCA) protein assay kit (Thermo Scientific-Pierce,
Rockford, IL) for cytosolic extracts and the Bradford method
for nuclear extracts. Aliquots from the fraction of nuclear or

cytosolic extracts were analyzed by SDS-PAGE, which were
further probed with antibody against c-Jun and RhoGDI as a
marker of nuclear and cytosol, respectively.

Pull-Down Assay

Cytosolic fractions from APPsw cells treated with vehicle or
b-PGA1 were purified on Neutravidin-agarose [11]. Briefly,
cytosolic fractions containing 100 μg of protein were
adsorbed onto Neutravidin-agarose in the presence of 1%
NP-40 and 0.1% SDS by batch-wise incubations for 1 h at
4 °C in a rotary shaker. Unbound proteins were removed by
extensive washes with 0.1 mM EDTA, 50 mM Tris-HCl,
pH 7.6, 50 mM NaF, 0.1 mM EGTA, 0.1 mM β-
mercaptoethanol, 1% NP-40, and 0.1% SDS. Then, biotinyl-
ated proteins bound to Neutravidin-agarose were boiled for
10 min. The supernatant was used for Western blot analysis.

qRT-PCR

qRT-PCR assays were performed with the MiniOpticon Real-
Time PCR detection system (Bio-Rad Laboratories) using to-
tal RNA and the GoTaq One-step Real-Time PCR kit with
SYBR green (Promega, Madison, WI). Forward and reverse
primers for mouse ABCA1 were 5′-CATAGACCCAGAAT
CCAGGGAGAC-3 ′ and 5 ′-GCAGGACAATCTGA
GCAAAGAAAC-3′, respectively. The gene expression levels
were normalized to GAPDH, whose forward and reverse
primers were 5′-GCTCATGACCACAGTCCATGCCAT-3′
and 5 ′ -TACTTGGCAGGTTTCTCCAGGCGG-3 ′ ,
respectively.

Western Blot Analysis

Tissues or cells were lysed with RIPA buffer [25 mMTris-HCl
(pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% SDS, containing protease inhibitors
and a phosphatase inhibitor cocktail] (Thermo Scientific-
Pierce). The protein concentrations in the cell lysates were
determined with a BCA protein assay kit (Thermo
Scientific-Pierce). The total cell lysates (20 μg) were subject-
ed to SDS-PAGE, transferred to a membrane, and probed with
a panel of specific antibodies. Each membrane was probed
with only one antibody and β-actin served as a loading
control.

Immunohistochemistry

Mouse brains were collected from WT or vehicle-/PGA1-
treated APP/PS1 Tg mice, fixed with 4% paraformaldehyde,
and embedded in paraffin. Tissue sections were cut at a 5 μm
thickness and mounted on Superfrost plus slides (VWR
Scientific, West Chester, PA). Sections were dewaxed with a
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xylene solution, rehydrated in a graded series of ethanol solu-
tions, submerged in 3% hydrogen peroxide to eliminate en-
dogenous peroxidase activity, and subjected to antigen retriev-
al in sodium citrate buffer (pH 6.0) in a microwave oven at
450 W for 15 min. Sections were then incubated with UV
block (Thermo Scientific-Pierce) containing 10% goat serum
(Sigma-Aldrich) for 30 min and then incubated with the pri-
mary antibody diluted in PBS containing 4% BSA (MP
Biomedicals, Irvine, CA) overnight in a humid chamber at
4 °C. A mouse monoclonal anti-ABCA1 antibody (1:100,
1 μg/μL) and rabbit monoclonal anti-PEN-2 antibody
(1:200, 1 μg/μL) were used as the primary antibodies. On
the next day, sections were incubated with a biotin-
conjugated secondary antibody for 1 h at room temperature,
followed by streptavidin-HRP for 30min. Then, sections were
counterstained with hematoxylin 30 s and differentiated with a
hydrochloric acid/alcohol mixture. Finally, after the DAB
stain was applied for 1 min, sections were washed with water
for 30 min. Images of immunohistochemical staining were
captured with a Leica camera and microscope.

Immunofluorescence

APPsw cells were cultivated on coverslips coated with poly-
D-lysine (Sigma-Aldrich) in Cell Bind 6-well plates (Corning
Incorporated, Corning, NY). After treatment with the vehicle
or PGA1 in a final concentration of 10 μM, cells were washed
with PBS, fixed with ice-cold methanol, and rehydrated with
PBS. A blocking step was performed with a blocking solution
containing 2% BSA and 4% goat serum from Sigma-Aldrich.
A mouse monoclonal antibody against ABCA1 (1:100, 1 μg/
μL) or rabbit monoclonal antibody against PEN-2 (1:200,
1 μg/μL) was added to cells and incubated overnight at
4 °C. On the following day, cells used for double labelling
were washed with PBS-T (0.03% Tween-20). And then, cells
were incubated with species-specific secondary antibody
(Alexa Fluor 488-conjugated goat anti-mouse IgG or Alexa
Fluor 555-conjugated goat anti-rabbit IgG) at a final dilution
of 1:500 for 1 h at room temperature, followed by washed
extensively with PBS. Finally, the cells were counterstained
with DAPI and mounted with fluorescent mounting medium
(Dako Corporation, Carpinteria, CA). Confocal scanning and
immunofluorescence microscopy were used to analyze the
subcellular localization of ABCA1 or PEN-2 in APPsw cells.

Luciferase Reporter Assays

A dual-luciferase reporter assay (Promega) was used to mea-
sure the regulatory effects of PGA1 on the activity of PPARγ
promoter. In addition, the above method was also used to
determine the effect of PPARγ depletion on the activity of
ABCA1 promoter in PGA1-stimulated cells. Firefly/Renilla

luciferase activities were measured with a Spark 10 M
luminometer (TECAN, Mannedorf, Switzerland) [39].

PPARγ Promoter Reporter Assay APPsw cells were plated in
triplicate wells of a 24-well plate. When the confluence
reached 80%, cells were transfected with 0.5 μg of
pGL4.27-PPARγ promoter or pGL4.27 firefly luciferase pro-
moter reporter plasmids (Invitrogen, Karlsruhe, Germany)
using Lipofectamine 2000. Additionally, cells were
transfected with 10 ng of pRL-CMV (Promega), which en-
codes Renilla luciferase and was used for subsequent normal-
ization of the cell number. The media were replaced with fresh
media supplemented with vehicle or PGA1 in a final concen-
tration of 10 μM after 6 h, and the ratio of firefly and Renilla
luciferase activities were calculated at 48 h.

ABCA1 Promoter Reporter Assay APPsw cells stably express-
ing gRNA-PPARγ were used for this experiment. The pro-
moter was then analyzed using a ~ 1-kilobase fragment (from
− 847 to + 244 bp) of the mouse ABCA1 promoter that was
linked to the firefly luciferase reporter gene [40]. The experi-
mental procedure was the same as described above for ana-
lyzing the promoter activity of the PPARγ, except for the
pGL4.27-ABCA1 promoter plasmid.

Construction and Stereotaxic Injection of Engineered
Retroviruses

Sequences encoding short gRNAs were constructed in the
lentiCRISPR v2-Blast vector under the control of the human
EF-1α promoter (Addgene, Cambridge, MA), which were
then transfected into cells. Cells were grown for 5 days before
plating to produce single colonies. Multiple candidate clones
were picked and tested for gene disruption by Western blot.
Three gRNAs against mouse ABCA1 and PPARγ were used.
The sequences of the gRNA producing the optimal effects
among the three candidates were 5′-TGATCTGCCGTAAC
ATTCTC-3′ (gRNA-ABCA1) and 5′-AGTGGTCTTCCATC
ACGGAG-3′ (gRNA-PPARγ). Retroviral vectors were
cotransfected with the lentivirus packaging vectors pLP-
VSVG, pRSV-Rev and pMDLg pRRE into HEK293T cells
to validate the specificity and efficiency of the gRNAs in vitro.
The collected virus was used for cell transfection or stereotax-
ic injection.

Animal Committee

All animals were handled according to the guidelines for the
care and use of medical laboratory animals (Ministry of
Health, Peoples Republic of China, 1998) and the guidelines
of the laboratory animal ethical standards of Northeastern
University and China Medical University.
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Human Brain Samples

Human brain samples were obtained from the New York
Brain Bank (Columbia University, New York, NY): serial
numbers P535-00 (normal), T4308 (middle stage of AD, an
86-year-old man with moderate AD), and T4304 (late stage of
AD, an 84-year-old woman with severe and end-stage AD).

Statistical Analysis

All data are presented as the means ± S.E. of at least three
independent experiments. The statistical significance of the dif-
ferences between the means was determined using Student’s t
test or one-way analysis of variance, where appropriate. If the
means were significantly different, multiple pairwise compari-
sons were performed using Tukey’s post hoc test.

Results

PGA1 Decreases Aβ Production

According to diverse lines of evidence, Aβ protein has a caus-
al role in AD pathogenesis [41]. As shown in Fig. S1, a dense
mass of β-amyloid plaques (APs) was deposited in the brains
of AD patients and APP/PS1 Tg mice with different degrees
of senile dementia. As senile dementia was aggravated, the
number of APs was noticeably increased. Based on studies
that have suggested essential roles for PEN-2 in catalyzing
the intramembrane cleavage of integral membrane proteins
such as APP, we evaluated the levels of PEN-2 in the brains
of 3-month-old APP/PS1 Tg mice. PEN-2 was mainly
expressed in the cerebral cortex (Cor) and at lower levels in
the hippocampus (Hip). The expression of PEN-2 was sub-
stantially upregulated in the APP/PS1 Tg mice compared to
the WT mice (Fig. 1a). To further confirm this finding, we
examined the levels of the PEN-2 mRNA and protein in the
APP/PS1 Tg mice. Consistent with the immunostaining data,
the levels of the PEN-2 mRNA and protein were upregulated
in both the Hip and Cor of the APP/PS1 Tg mice (Fig. 1b).
These observations further reinforced the potential involve-
ment of PEN-2 in AD.

Although research on the role of PGA1 in neurodegenera-
tive diseases is still lacking, a study has convinced the neuro-
protective effects of PGA1 on neurons [42]. Therefore, we
evaluated the effect of PGA1 on the production of Aβ by
activating γ-secretase. As shown in Fig. 1c–e, the increased
levels of the PEN-2 mRNA and protein were significantly
decreased in APPsw cells pretreated with PGA1 in a final
concentration of 10 μM and APP/PS1 Tg mice injected
(i.c.v.) with PGA1 (5 μL, 1 μg/μL). In addition, the extent
of sAPPα was markedly increased, but sAPPβ showed the
opposite trend (Fig. 1f–h). As a consequence, Aβ1-42 levels

were obviously decreased in PGA1-treated subjects. As
shown in Fig. 1i, j, the injection (i.c.v.) of PGA1 significantly
reduced the CSF levels of low molecular weight Aβ oligo-
mers. However, short-term administration of PGA1 did not
affect the levels of high molecular weight Aβ aggregates or
fibrils in the Hip and Cor of 9-month-old APP/PS1 Tg mice.

Cholesterol Mediates the Effects of PGA1
on Decreasing the Production and Deposition of Aβ

We conducted high-throughput sequencing experiments to de-
termine which pathways played key roles in the mechanism
by which PGA1 regulated the production and deposition of
Aβ. As a consequence, we identified 360 upregulated and 346
downregulated genes that were differentially expressed (log2
fold change of ± 1 (log2 FC (± 1)); false discovery rate (FDR)
< 0.05) in response to PGA1 (Tables S1 and S2). The subse-
quent functional annotation analysis performed by
clusterProfiler to determine important biological processes
(GO) and cellular pathways (KEGG) revealed that the differ-
entially expressed genes were associated with regulating
cytokine–cytokine receptor interaction, MAPK signalling
pathway, hematopoietic cell lineage, cholesterol metabolism
and lipid transport, etc. Among these mechanisms, PGA1 had
not been previously reported to be involved in cholesterol
metabolism and lipid transport (Fig. 2a, b). To this end, we
continue to investigate the roles of PGA1 in regulating the
development and progression of AD via modulating the cho-
lesterol metabolism and lipid transport.

As cholesterol has been widely reported to exhibit a close
association with AD [43], we firstly confirmed that the levels
of cholesterol are elevated in AD models (Fig. 2c–e). More
interestingly, cholesterol levels were substantially reduced in
PGA1 treatment groups compared to the untreated group (Fig.
2c–e). To further explore whether cholesterol mediates the
downregulation of Aβ by PGA1, experimental groups were
pre-administered excess cholesterol. The cholesterol pretreat-
ment of APPsw cells or injection (i.c.v.) of cholesterol into 9-
month-old APP/PS1 Tg mice thoroughly restored the inhibi-
tory effect of PGA1 on downregulating the expression of the
PEN-2 mRNA and protein (Fig. 2f–h). Cells were also stained
with a PEN-2-specific antibody following treatment with or
without cholesterol to validate the results from the Western
blot and qRT-PCR analysis. As expected, the PGA1 treatment
clearly suppressed the immunofluorescence staining for PEN-
2 in the APPsw cells, but the pretreatment with cholesterol
produced similar fluorescence intensity to the control group
(Fig. 2i). Subsequent immunohistochemical staining for PEN-
2 yielded an extremely weak positive reaction in PGA1-
treated group, whereas an overdose of cholesterol hindered
this process (Figs. 2j and S2a). Moreover, as shown in Fig.
2f–h, excess cholesterol completely reversed the trends in
sAPPα and sAPPβ levels induced by PGA1. Therefore,
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cholesterol pretreatment thoroughly restored the CSF levels of
Aβ1-42 and low molecular weight Aβ oligomers in PGA1-
trated mice (Fig. 2k–n). Taken together, our results reveal a
pivotal role for cholesterol in blocking the effects of PGA1 on
suppressing the production of Aβ.

PGA1 Upregulated the Expression of ABCA1

As shown in Fig. 3a, b, addition of PGA1 induced a marked
accumulation of cholesterol in the supernatant of APPsw cells
and CSF of APP/PS1 Tg mice. Because a few studies had
reported that PGA1 was cytotoxic and the cells released cho-
lesterol depending on the growth state of cells, we characterized
whether the PGA1 induction of cholesterol efflux was relevant
to its cytotoxicity [44], we characterized whether cholesterol
efflux induced by the PGA1 treatment was relevant to its

cytotoxicity. Based on the results from the cytotoxicity assays,
significant cytotoxicity was not observed when cells were treat-
ed with PGA1 in a final concentration of 10 μM (Fig. 3c). An
analysis of the flow cytometry data did not reveal obvious ap-
optosis (Fig. 3d). Moreover, compared to untreated cells, the
heat map summarizes the hierarchical clustering of the top 10
differentially downregulated and upregulated RNAs (log2 FC
(± 1); FDR < 0.05). Interestingly, the lipid transport-related
gene PPARγ and ABCA1 were identified to be regulated by
PGA1 treatment (Figs. 3e, f and S2b). Therefore, PGA1-
induced cholesterol efflux was not due to cytotoxicity, but rath-
er by a transporter that was potentially related to transmembrane
lipid transport. As expected, we observed a slight decrease in
ABCA1 levels in patients and mouse models of AD compared
to age-matched normal controls, suggesting that this change
might be responsible for the disturbance of cholesterol

Fig. 1 PGA1 decreased Aβ production. (a, b) The brains of 3-month-old
WTor APP/PS1 Tg mice were collected after the mice had been anesthe-
tized and perfused. (c–j) For PGA1 treatment, APPsw cells were treated
with PGA1 in a final concentration of 10 μM for 48 h. In the APP/PS1 Tg
mice, 5 μL of PGA1 was injected (i.c.v.) to the cerebral ventricles at a
concentration of 1 μg/μL for 48 h. (a) PEN-2 immunoreactivity was
determined by IHC with an anti-PEN-2 antibody. The arrows indicated
positive staining for PEN-2. (b–e) The level of the PEN-2 protein was
determined using Western blot analysis and β-actin served as the internal
control (upper panel). PEN-2 mRNA levels were determined by qRT-

PCR, with the total amount of GAPDH serving as the internal control
(lower panel). (f–h) Levels of the sAPPα and sAPPβwere determined by
Western blot analysis and β-actin served as the internal control (upper
panel). The production of Aβ1-42 was analyzed by ELISA (lower panel).
(i) The aggregated forms of Aβ in the CSF, Hip, or Cor of APP/PS1 Tg
mice were analyzed by SDD-AGE. (j) The relative intensity of SDD-
AGE bands was calculated by the Image J software. The data represent
means ± S.E. of 6 independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 compared to WT, vehicle-treated APPsw cells, or APP/
PS1 Tg mice

Prostaglandin A1 Inhibits the Cognitive Decline of APP/PS1 Transgenic Mice via PPARγ/ABCA1-dependent... 511



homeostasis in AD models (Fig. 3g, h). As shown in Fig. 3i,
PGA1 significantly increased the mRNA and protein levels of
the ABCA1 in APPsw cells and APP/PS1 Tg mice. Further
experiments verified the accuracy of this result using anti-

ABCA1 immunohistochemistry (IHC) and immunocytochem-
istry (Figs. 3h, j and S2c). Based on these results, ABCA1
might play a critical role in the mechanism by which PGA1
regulates cholesterol and Aβ levels.
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The ABCA1/CHO Signalling Pathway Mediates
the Suppressive Effects of PGA1 on the Production
of Aβ1-42

Using double staining and confocal microscopy, positive
ABCA1 staining was predominantly observed in neurons
and microglial cells (Fig. S3a, b), and positive PEN-2 staining
was predominantly observed in neurons (Fig. S3c, d).
Consistent with these observations, ABCA1 was enriched in
neurons and microglial cells, and comparatively weaker ex-
pression was observed in astrocytes [45, 46]. PEN-2 was
enriched in neurons, but was very weakly expressed in
microglial cells and astrocytes [47]. By these observations,
we sought to elucidate the signalling pathways of ABCA1
regulation in PGA1-treated APPsw cells. For an in-depth anal-
ysis of the signalling pathways through which PGA1 regulates
ABCA1 expression and cholesterol efflux, we treated AD
models with PGA1 in the absence or presence of DIDS, a
specific ABCA1 inhibitor. Treatment of APPsw cells and
APP/PS1 Tg mice with DIDS reversed the effects of PGA1
on increasing the synthesis of ABCA1 (Figs. 4a–c and S4a–c).
Meanwhile, DIDS reversed the effects of PGA1 on inducing
cholesterol efflux to a large extent (Fig. 4d–f, upper panels).
Next, we evaluated the effect of DIDS on the expression of
PEN-2 in PGA1-treated cells or mice. As expected, the

blockade of ABCA1-mediated cholesterol efflux completely
abolished the effects of PGA1 on suppressing the expression
of PEN-2 (Figs. 4a–c and S4d–f). Therefore, DIDS blocked
the effects of PGA1 on decreasing the production of Aβ1-42

(Fig. 4d–f, lower panels).
To eliminate any potential nonspecific effects of DIDS as

the pharmacological inhibitor, experiments were performed
by transfecting APPsw cells with a gRNA oligonucleotide
sequence specific targeted ABCA1. ABCA1 knockout cells
exhibited low levels of ABCA1 even stimulating with PGA1
(Figs. 4g, i and S4g). Similarly, ABCA1 knockout completely
reversed the effects of PGA1 on downregulating the expres-
sion of PEN-2 (Figs. 4h, i and S4h). Consistent with these
observations, ABCA1 knockout also abolished the effects of
PGA1 on inducing cholesterol efflux (Fig. 4j) and decreasing
the levels of Aβ1-42 (Fig. 4k). Therefore, ABCA1 mediated
the effects of PGA1 on suppressing the levels of Aβ1-42.

The Signalling Pathway of PPARγ/ABCA1/CHO
Mediates the Effects of PGA1 on Decreasing
the Levels of Aβ1-42

The results of multipathway luciferase reporter arrays in hu-
man HEK293T cells strongly confirmed that PGA1 increased
the expression of PPARγ; we therefore evaluated whether the
PPARγ pathway mediates the regulatory effects of PGA1 on
ABCA1 expression or not (Fig. S5a). To this purpose, we
firstly explored the regulatory effects of PGA1 on PPARγ
activation in the nucleus and cytoplasm. The results showed
that PPARγ was significantly activated in both the nucleus
and cytoplasm (Fig. 5a). Because PGA1 is reported to activate
PPARγ through multiple pathways, we examined the two
most important regulatory approaches, Michael addition and
transcriptional control [48, 49]. Based on the results from the
pull-down assay, PGA1 did not regulate PPARγ activation by
Michael addition (Fig. 5b). We designed two pGL4.27
promoter/luciferase reporter assays to further confirm the re-
lationships between PPARγ and ABCA1 in the mechanism
by which PGA1 regulates Aβ levels. As shown in Fig. 5c,
PGA1 treatment clearly increased the activity of PPARγ pro-
moter. Therefore, PGA1 regulated the phosphorylation of
PPARγ through a transcription-dependent mechanism.
However, PGA1 no longer increased the activity of ABCA1
promoter in the presence of gRNA-PPARγ (Fig. 5d). Clearly,
PPARγ was indispensable for the pathway by which PGA1
regulated ABCA1 expression.

To further validate the above observations, the treatment of
APPsw cells with PGA1 induced the phosphorylation of
PPARγ (Fig. 5a). In addition, treatment of cells with
GW9662, a specific PPARγ antagonist, abrogated the effects
of PGA1 on upregulating the expression of ABCA1 (Fig. 5e).
Moreover, GW9662 completely hindered the process of cho-
lesterol efflux induced by PGA1 (Fig. 5h). Similarly,
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�Fig. 2 Cholesterol mediates the effects of PGA1 on decreasing the
production and deposition of Aβ. (a, b) APPsw cells were treated with
PGA1 in a final concentration of 10 μM for 48 h, and total RNA was
isolated for RNA sequencing. The differentially expressed genes were
analyzed by functional annotation clustering. (c–e) For PGA1
treatment, APPsw cells were treated with PGA1 in a final concentration
of 10 μM for 48 h. In the APP/PS1 Tg mice, 5 μL of PGA1 was injected
(i.c.v.) to the cerebral ventricles at a concentration of 1 μg/μL for 48 h. (f–
n) APPsw cells were treated with PGA1 in a final concentration of 10 μM
in the absence or presence of cholesterol in a final concentration of
100 μM for 48 h. In the APP/PS1 Tg mice, 5 μL of PGA1 was injected
(i.c.v.) to the cerebral ventricles at a concentration of 1 μg/μL in the
absence or presence of cholesterol (5 μL, 1 mM) for 48 h. Using
ClusterProfiler, the top 20 biological processes were identified by
KEGG pathway analysis (a), and the top 15 biological processes were
identified by GO pathway analysis (b) by measuring two indicators of
their associated counts and P values. (c–e) Intracellular cholesterol levels
were analyzed by ELISA. (f–h) The protein levels of PEN-2, sAPPα and
sAPPβ were determined using Western blot analysis, and β-actin served
as the internal control (upper panel). PEN-2 mRNA levels were deter-
mined using qRT-PCR, with the total amount of GAPDH serving as the
internal control (lower panel). (i) Immunofluorescence was determined,
with a primary rabbit anti-PEN-2 antibody and Alexa Fluor 555-labelled
goat anti-rabbit IgG as the secondary antibody (upper panel). The relative
intensity of immunofluorescence was calculated by Image J software
(lower panel). (j) IHC was determined with an anti-PEN-2 antibody. (k–
m) The production of Aβ1-42 was analyzed by ELISA. (n) SDD-AGE of
Aβ in CSF of APP/PS1 Tg mice was performed. The relative intensity of
SDD-AGE bands was calculated by the Image J software. *p < 0.05,
**p < 0.01,***p < 0.001 compared to N2a cells, WT mice, vehicle-
treated APPsw cells, or APP/PS1 Tg mice. ##p < 0.01, ###p < 0.001 com-
pared to APPsw cells, vehicle-treated APP/PS1 Tg mice, PGA1-treated
APPsw cells, or APP/PS1 Tg mice



Fig. 3 PGA1 upregulated the expression of ABCA1. (a, b, d, h–j) APPsw
cells were treated with PGA1 in a final concentration of 10 μM for 48 h.
In the APP/PS1 Tg mice, 5 μL of PGA1 was injected (i.c.v.) to the
cerebral ventricles at a concentration of 1 μg/μL for 48 h. (c) APPsw
cells were treated with different concentrations of PGA1. (e, f) APPsw
cells were treated with PGA1 in a final concentration of 10 μM for 48 h,
and total RNA was isolated for RNA sequencing. (g) Tissue blocks of
human brains with ADwere collected by the NewYork Brain Bank. Free-
floating slices (40 μm) were prepared using a cryostat. (a) The levels of
extracellular cholesterol in the conditional medium were analyzed by
ELISA. (b) Cholesterol levels in CSF were analyzed by ELISA. (c)
Cell viability was determined by the cytotoxicity assays. (d) The apopto-
sis of the cells was determined by Annexin V/PI staining and detected by
flow cytometry. (e) Top 10 downregulated genes (log2 FC (− 1); FDR <
0.05) and (f) top 10 upregulated genes (log2 FC (+ 1); FDR < 0.05) are
shown in the heat map. (g) The immunoreactivity of ABCA1 was deter-
mined by IHC in tissue blocks of brains from AD patients compared to

normal controls. The arrows indicated positive staining for ABCA1 (left).
The relative intensity of IHC was calculated by the Image J software
(right). (h) IHC for ABCA1 was determined using a primary mouse
anti-ABCA1 antibody. (i) The protein levels of ABCA1 were determined
using Western blot analysis, and β-actin served as the internal control
(upper panel). ABCA1 mRNA levels were determined using qRT-PCR,
with the total amount of GAPDH serving as the internal control (lower
panel). (j) Immunofluorescence staining was performed to determine the
expression of ABCA1, with a primary mouse anti-ABCA1 antibody and
Alexa Fluor 488-labelled goat anti-mouse IgG as the secondary antibody
(left). The relative intensity of immunofluorescence was calculated by the
Image J software (right). *p < 0.05, **p < 0.01, ***p < 0.001 compared
to conditional medium of N2a cells, the CSF ofWTmice, normal brain of
humans, vehicle-treated APPsw cells, or APP/PS1 Tg mice. #p < 0.05,
###p < 0.001 compared to conditional medium of vehicle-treated APPsw
cells or the CSF of APP/PS1 Tg mice
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GW9662 abolished the effects of PGA1 on decreasing the
levels of Aβ (Fig. 5k). Taken together, these observations

prompted us to conclude that PPARγ/ABCA1/CHO signal-
ling pathway was responsible for mediating the effects of

Fig. 4 The signalling pathway of ABCA1/CHOmediates the suppressive
effects of PGA1 on the production of Aβ1-42. (a–f) APPsw cells were
treated with PGA1 in a final concentration of 10 μM in the absence or
presence of DIDS in a final concentration of 100 μM for 48 h. In the APP/
PS1 Tg mice, 5 μL of PGA1 was injected (i.c.v.) to the cerebral ventricles
at a concentration of 1 μg/μL in the absence or presence of DIDS (5 μL,
1 mM) for 48 h. (g–k) gRNA-ABCA1 or gRNA-control transfected
APPsw cells were treated with or without PGA1 in a final concentration
of 10μM for 48 h. (a–c, i) The protein levels of ABCA1, sAPPα, sAPPβ,
and PEN-2 were determined using Western blot analysis and β-actin
served as the internal control. (d–f) Intracellular cholesterol (upper panel)

and Aβ1-42 (lower panel) were determined by ELISA. (g, h)
Immunofluorescence staining was performed to determine the expression
of ABCA1 or PEN2, using IHC with a primary mouse anti-ABCA1 or
rabbit anti-PEN2 antibody and Alexa Fluor 488-labelled goat anti-mouse
IgG and Alexa Fluor 555-labelled goat anti-rabbit IgG as the secondary
antibody. Intracellular cholesterol (j) or Aβ1-42 (k) levels were determined
by ELISA. The data represent means ± S.E. of 6 independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to vehicle-treated
APPsw cells or APP/PS1 Tg mice or vehicle-treated gRNA-control
transfected APPsw cells. ###p < 0.001 compared to PGA1-treated
APPsw cells or APP/PS1 Tg mice
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PGA1 on reducing the levels of Aβ in vitro. Therefore, we
next examined this regulatory mechanism in vivo. As shown
in Fig. 5f, g, i, j, the regulation of these key elements by PGA1

in the Hip and Cor of APP/PS1 Tg mice was consistent with
the findings from APPsw cells. In addition, GW9662 inhibits
the effects of PGA1 on suppressing the production of Aβ

Fig. 5 The signalling pathway of PPARγ/ABCA1/CHO mediates the
effects of PGA1 on decreasing the levels of Aβ1-42. (a) Nuclear (NE)
and cytosolic (Cyt) fractions were obtained from APPsw cells treated
with or without PGA1 in a final concentration of 10 μM for 48 h.
Western blot for p-PPARγ were analyzed with an anti-p-PPARγ anti-
body. RhoGDI served as cytosolic marker, and c-Jun served as nuclear
marker. (b) APPsw cells treatedwith or without b-PGA (60 μM, 2 h)were
used for the pull-down assay.Western blot for PPARγwere analyzedwith
an anti-PPARγ antibody. Total biotinylated proteins were analyzed with
str-HRP. (c) Cells transfected with the pGL4.27 vector or pGL4.27-
PPARγ were treated with or without PGA1 in a final concentration of
10μM for 48 h. (d) Cell transfected with the pGL4.27 vector or pGL4.27-
ABCA1 were treated with or without PGA1 in a final concentration of
10 μM in the absence or presence of gRNA-PPARγ for 48 h. The relative
luminescence (firefly/Renilla) was calculated and normalized to the

control reporter in the cells. (e–n) APPsw cells were treated with PGA1
in a final concentration of 10 μM in the absence or presence of GW9662
in a final concentration of 1 μM for 48 h. In the APP/PS1 Tg mice, 5 μL
of PGA1 was injected (i.c.v.) to the cerebral ventricles at a concentration
of 1 μg/μL in the absence or presence of GW9662 (5 μL, 40 μM) for
48 h. (e–g) The phospohrylation of PPARγ and protein levels of ABCA1
and PEN-2 were analyzed by Western blot and β-actin served as the
internal control. Intracellular levels of cholesterol (h–j) or the levels of
Aβ1-42 (k-m) were determined by ELISA. (n) The aggregated form of Aβ
determined by SDD-AGE (upper panel). The relative intensity of SDD-
AGE bands was calculated by the Image J software (lower panel). The
data represent means ± S.E. of 6 independent experiments. ***p < 0.001
compared to vehicle-treated cells or mice. ###p < 0.001 compared to
PGA1-treated cells
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monomers and low molecular weight Aβ oligomers in the
CSF, Hip and Cor of APP/PS1 Tg mice (Fig. 5l–n).
Therefore, the PPARγ/ABCA1/CHO signalling pathway
plays an essential role in mediating the effects of PGA1 on
reducing the production and aggregation of Aβ.

PGA1 Administration Alleviates the Cognitive Decline
of APP/PS1 Tg Mice

Because the PGA1 treatment attenuated Aβ production by
suppressing the expression of PEN-2, we next investigated
the effect of long-term administration of PGA1 on improving
the memory of APP/PS1 Tgmice. Intranasal administration of
PGA1 (2.5 mg/kg/day) was initiated at 6 months of age. After
3 months of PGA1 treatment, we assessed social behaviors
and spatial learning and memory abilities using the nest con-
struction and Morris water maze tasks. Nest construction is an
affiliative social behavior, and it became progressively im-
paired in APP/PS1 Tg mice; this impairment was partially
reversed by the PGA1 treatment (Fig. 6a, b). Long-term ad-
ministration of PGA1 remarkably decreased the levels of dif-
ferent forms of Aβ, namely, Aβ monomers, oligomers, and
fibrils (Figs. 6c–e and S5b). The results of the pretraining
visible platform tests from the APP/PS1 and PGA1-treated
APP/PS1 groups did not differ from the WT groups
(Fig. 6f), suggesting that neither APP/PS1 overexpression
nor PGA1 administration significantly altered the motility or
vision of the WT mice. In the hidden platform tests, untreated
APP/PS1 Tg mice exhibited unequivocal learning deficits in
this task. The PGA1-treated APP/PS1 Tg mice performed
similarly to the WT mice (Fig. 6g–i). When we performed a
probe test 24 h after the last training trial, the untreated APP/
PS1 Tg mice showed no preference for the target quadrant,
indicating significant memory impairment, whereas the
PGA1-treated APP/PS1 Tg mice performed as well as the
WT mice (Fig. 6j).

In summary, PGA1 activates the signalling pathways in
APP/PS1 Tg mice, which promoted cholesterol efflux.
Highly activated signalling pathways of PPARγ/ABCA1/
CHO result in the suppression of PEN2, which improved the
cognitive decline of AD by inhibiting the production and de-
position of Aβ.

Discussion

PGA1 Exerts a Neuroprotective Effect on AD Models

Recently, PGA1 has been reported to exert neuroprotective
effects because it blunts N-methyl-D-aspartate receptor
(NMDAR)-mediated neuronal apoptosis and inhibits en-
hancement of the intracellular calcium concentration, TXA2
production, and platelet activation in rodent models of stroke

[50]. Our experimental results are clearly consistent with this
hypothesis that PGA1 suppressed the production and aggre-
gation of Aβ, which is extremely toxic to neurons. In agree-
ment with our observations, a series of investigations have
validated our data suggesting that PGA1 may have
cytoprotective activity against oxidative stress in monocytes
and macrophages [51] and inhibits the apoptosis of striatal
neuron in rat striatum [14]. In addition, whole-transcriptome
RNA sequencing indicated that PGA1 regulates a large num-
ber of neuroprotective pathways, such as inflammatory,
NF-κB, and AD pathways. Mass spectrometry further identi-
fied multiple neuroprotection-associated molecules, heat
shock proteins, and the microtubule-associated protein (tau)
as the activating targets of PGA1 (data not shown). Therefore,
we postulate that PGA1 regulates AD through a comprehen-
sive mechanism involving multiple elements. As we are inter-
ested in deciphering the mechanisms of PGA1 in protecting
the nervous system, we firstly investigated its roles in produc-
ing Aβ by regulating the expression of secretases, such as β-
or γ-secretase. As a consequence, PGA1 did not regulate the
activity of β-secretase, BACE-1. We thereby focused our
analysis on the activity of γ-secretase, which is a membrane
protein complex comprised of presenilins, nicastrin (NCT),
anterior pharynx-defective-1α and anterior pharynx-
defective-1β (APH-1α/1β), and presenilin enhancer protein
2 (PEN-2) [52]. Among these subunits of γ-secretase, PEN-2
was significantly suppressed by PGA1 (Fig. 1c–e). Of note,
the activity of PEN-2 is responsible for the production of Aβ,
as evidenced by the fact that PEN-2 is overexpressed in AD
models [53, 54]. In addition, PEN-2 is required for Notch
signalling pathway, through which γ-secretase cleaved
sAPPβ to produce Aβ. Therefore, we focused on its ability
to regulate the production of sAPPα, sAPPβ, and Aβ. As
expected, short-term administration of PGA1 significantly re-
duced the levels of Aβ monomers and oligomers in AD
models. Long-term administration of PGA1 induced relatively
substantial degradation of Aβ fibrils, which improved the
memory and learning abilities of APP/PS1 Tg mice.

PGA1 Activates PPARγ
Through a Transcription-Dependent Mechanism,
Which in Turn Modulating the Development
and Progression of AD

PPARγ is a widely expressed receptor that governs the ex-
pression of genes involved in the development and progres-
sion of metabolic diseases [55, 56]. PPARγ has been identi-
fied as the natural receptor of PGs, such as 15d-PGJ2, through
which modulates the biological functions of microglial cells
[57]. Apart from 15d-PGJ2, Yu et al. disclosed that PGA1 also
played a physiological role via activating PPARγ. According
to these observations, PGA1 might exert its effects via
PPARγ. To this hypothesis, prior works have demonstrated
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that PGA1 regulates the vast majority of physiological pro-
cesses by Michael addition and transcription-dependent regu-
latory pathways [58]. For Michael addition, α,β-unsaturated
ketone is a core moiety of natural ligands for covalently bind-
ing to PPARγ [59]. However, our data showed no evidence of
Michael addition as a regulatory approach (Fig. 5b). In con-
trast, our data are consistent with prior works [10] showing

that PGA1 tends to regulate the activity of PPARγ at the
transcriptional levels (Fig. 5c). Indeed, the activation of
PPARγ has been reported to be efficacious in reducing the
incidence and risk of AD and delaying the progression of
the disease [60]. To the reason, the ability of PPARγ in reduc-
ing levels of cytokines-induced soluble Aβ1-42 peptide might
be the inherent cause for delaying the development of AD
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[61]. Of note, activation of PPARγ is also able to inhibit the
progression of AD via activating ATP-binding cassette (ABC)
family proteins [62]. In addition, there is report suggesting that
PPARγ induces a fast, cell-bound clearingmechanism respon-
sible for the removal of the Aβ [63]. To the mechanism,
PPARγ agonists strongly reduced the activities of β- or γ-
secretase [19]. More convincingly, rapid activation of
PPARγ improved the cognitive decline of murine model of
AD via decreasing the loading of Aβ [64]. Along these lines,
PGA1 delayed the development and progression of AD via
activating PPARγ (Fig. 5).

Cholesterol Acts as a Bridge in the Mechanism
by Which PGA1 Regulates the AD Model

Although no reports have identified the connection between
PGA1 and cholesterol, recent findings have indicated that el-
evated serum and plasma levels of cholesterol are a potential
risk factor for the development of AD [65]. By high-
throughput sequencing, we found that PGA1 potentially reg-
ulates cholesterol metabolism and lipid transport. Therefore,
we speculated that lipid metabolism plays an extremely im-
portant role in the mechanism by which PGA1 regulates AD.
Next, this hypothesis was confirmed, as PGA1 reduced cho-
lesterol levels, whereas an overdose of cholesterol reversed
the regulatory effect of PGA1 on AD models (Fig. 2). By
these observations, the question is easily rose if there is the
natural relationship between cholesterol and AD. In Aβ23-35-
injected APOE knockout mice, diet-induced hypercholester-
olemia induces the deposition of Aβ in APs [18]. This obser-
vation was further supported by the findings in mice fed diets
enriched in cholesterol [66, 67]. To the reason, cholesterol was
found to be colocalized with most of the components involved
in amyloidogenic pathway, such as APP, the proteolytic

enzymes BACE1 and PS1/2, Aβ, and γ-secretase in lipid rafts
[68, 69]. More closely, cholesterol can regulate APP accumu-
lation in lipid rafts and amyloidogenesis because C99 frag-
ment of APP (product of APP cleavage by BACE1) exhibits
a binding site for cholesterol [70, 71]. Moreover, the α-
secretase activity that depends on membrane fluidity is revers-
ibly modulated by cholesterol [71], which inhibits the secre-
tion of sAPPα. Apart from regulating the activity of α-
secretase, cholesterol was also reported to induce the expres-
sion of the PS1 and PS2 in SK-N-BE cells [72]. Based on
these observations, we extended the prior works to find that
cholesterol stimulated the expression of PEN-2, which is an
integral component of the γ-secretase complex [73]. As the
critical roles of cholesterol in the activities of secretases, we
further found that cholesterol had the ability to induce the
production of Aβ, which results in the cognitive decline of
AD [74]. In line with our observations, cholesterol was also
reported to be required for Aβ formation, aggregation, and
deposition, and cholesterol depletion inhibited the generation
and aggregation of Aβ [74–76]. Furthermore, we also came to
a conclusion consistent with our report showing that choles-
terol plays a role in late stage of cognitive function and the risk
of dementia [77]. In detail, lowering the levels of cholesterol
prevented cognitive decline via decreasing amyloidogenic
process [78]. Given the critical roles of PGA1 on cholesterol
efflux, PGA1was found to be responsible for ameliorating the
cognitive decline of AD via deactivating PEN2 in a
cholesterol-dependent mechanism.

ABCA1 Plays an Important Role in Mechanism
by Which PGA1 Regulates AD Models

Given the critical roles of cholesterol in AD, we further ex-
plored the mechanisms. As a consequence, we found that
ABCA1 involved in the process (Figs. 3 and 4). In agreement
with our observations, statins, which is able to lower the levels
of serum cholesterol, have also been proposed for treating AD
[79]. Compared to statins, PGA1 has the ability to induce
cholesterol efflux as a natural substance produced in the body
with lower side effects [80]. In addition, PGA1 showed its
effects on inducing the expression of ABCA1 (Fig. 3h–j). In
concert with our observation, Chawla et al. [81] reported that
ligand activation of PPARγ leads to the induction of ABCA1.

As a gatekeeper for eliminating excess tissue cholesterol
levels, ABCA1 is temporally expressed in the developing and
adult mouse brain [82]. In addition, ABCA1 is highly
expressed in the Hip, Cor and choroids plexus [83].
Moreover, Yassine et al. [84] suggested that the ABCA1,
which is responsible for cholesterol efflux to the CSF, is re-
duced in patients with mild cognitive impairment and AD. In
addition, loss-of-function ABCA1 gene variants are associat-
ed with an increased risk of AD [85]. More closely, ABCA1
has the ability to decrease the activity of γ-secretase via
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�Fig. 6 Learning ability was improved in PGA1-treated APP/PS1 Tg
mice. (a, b, f–j) Morris water maze and nest construction test were per-
formed in 9-month-oldWTand APP/PS1 Tgmice treated with or without
PGA1 (2.5 mg/kg/day) for 3 months via an intranasal instillation. (c–e)
Aβwas detected in 12-month-oldWTand APP/PS1 Tgmice treated with
or without PGA1 (2.5 mg/kg/day) for 6 months via an intranasal instilla-
tion. (a) Nest construction was quantified. Baseline data were obtained on
0 day, after the addition of paper towels to clean cages. (b) Habituation
behaviour was recorded daily. (c) Aβ1-42 levels were determined by
ELISA. (d) The aggregated forms of Aβ in the CSF, Hip, or Cor of
APP/PS1 Tg mice were analyzed by SDD-AGE (upper panel). The rela-
tive intensity of SDD-AGE bands was calculated by the Image J software
(lower panel). (e) Aβ immunoreactivity was determined by IHC with an
anti-Aβ antibody. (f–j) Cognitive ability was evaluated using the Morris
water maze test. (f) The escape paths used by the mice in the different
groups to locate the pretraining visible platform tests from 1 to 2 days are
shown. The escape paths (g), escape latency (h), and path length (i) are
shown in the hidden platform tests. (j) In the probe trial, the number of
times mice in the different groups passed over the previous location of the
platform was recorded. **p < 0.01, ***p < 0.001 compared to WT mice
or vehicle-treated APP/PS1 Tg mice. #p < 0.05, ##p < 0.01 compared to
vehicle-treated APP/PS1 Tg mice



inhibiting its recruitment to C99 [86]. In addition, activation of
ABCA1 reduces Aβ levels, which results in improving out-
come after traumatic brain injury [87]. By regulating choles-
terol homeostasis, ABCA1 deeply influences synaptic func-
tion and improves cognitive decline [88]. Thus, as an
upregulator of ABCA1 expression, PGA1 may provide a
new therapeutic benefit for patients with cardiovascular dis-
ease and AD.

PPARγ Is Indispensable for PGA1-Mediated
Regulation of ABCA1 Expression

As PGA1 has the ability to activate both PPARγ and ABCA1,
we are prompted to reveal the inherent relationship among
these molecules. The results demonstrated that PGA1 upreg-
ulated the expression of ABCA1 via PPARγ pathway (Fig. 5).
In concert with our observations, previous studies have re-
vealed that activation of PPARγ enhanced the expression of
ABCA1 by PPAR agonists 15d-PGJ2 [89, 90]. Moreover,
PPAR agonists and antagonists could also alter cholesterol
efflux, which is critical for the pathogenesis of AD [91].
Hence, PPARγ is indispensable for PGA1-regulated expres-
sion of ABCA1. Based on these findings, we confirmed that
PGA1 is useful for treating AD via upregulating the expres-
sion of ABCA1 via PPARγ in a cholesterol efflux-dependent
mechanism.
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