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Background: Recent studies have revealed that vitamin D deficiencymay increase the risk of Alzheimer's disease,
and vitamin D supplementation may be effective strategy to ameliorate the neurodegenerative process in
Alzheimer's disease patients. Paricalcitol (PAL), a low-calcemic vitamin D receptor agonist, is clinically used to
treat secondary hyperparathyroidism. However, the potential application of PAL for treating neurodegenerative
disorders remains unexplored.
Methods: The APP/PS1micewere intraperitoneally injectedwith PAL or vehicle every other day for 15weeks. The
β-amyloid (Aβ) productionwas confirmedusing immunostaining and enzyme linked immunosorbent assay. The
underlying mechanism was verified by western blot and immunostaining in vivo and in vitro.
Findings: Long-term PAL treatment clearly reduced β-amyloid (Aβ) generation and neuronal loss in APP/PS1
transgenic mouse brains. PAL stimulated the expression of low-density lipoprotein receptor-related protein 1
(LRP1) possibly through inhibiting sterol regulatory element binding protein-2 (SREBP2); PAL also promoted
LRP1-mediated β-site APP cleavage enzyme 1 (BACE1) transport to late endosomes, thus increasing the lyso-
somal degradation of BACE1. Furthermore, PAL diminished 8-hydroxyguanosine (8-OHdG) generation in neuro-
nal mitochondria via enhancing base excision repair (BER), resulting in the attenuation of calpain-1-mediated
neuronal loss.
Interpretation: The present data demonstrate that PAL can reduce Aβ generation through accelerating BACE1 ly-
sosomal degradation and can inhibit neuronal loss through suppressing mitochondrial 8-OHdG generation.
Hence, PAL might be a promising agent for treating Alzheimer's disease.
Fund: This study was financially supported by the Natural Science Foundation of China (U1608282).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Vitamin D deficiency receives considerable attention worldwide, and
interest in vitamin D has been renewed because of its contributions to
the development of many neurological diseases, including Alzheimer’ dis-
ease [1,2]. Multiple epidemiologic studies suggested that vitamin D defi-
ciency might be associated with cognitive impairment in both
Alzheimer's disease patients and the general population [2,3]. Growing
clinical evidence revealed that vitamin D supplementation could effec-
tively ameliorate theneurodegenerative process inAlzheimer's disease pa-
tients [4,5]. Very recently, an interventional study revealed that vitamin D
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may increase the serum levels of the amyloid-β (Aβ) peptide Aβ40 in
Alzheimer's disease patients, suggesting improved Aβ clearance [6]. Con-
sistently, Durk et al. [7] reported that the long-term administration of vita-
min D to TgCRND8mice reduced the soluble and insoluble Aβ load, which
led to improvements in conditioned fearmemory. However, the data from
vitaminD intervention studies are inconclusive regarding cognitive perfor-
mance in healthy older adults and Alzheimer's disease patients [3]; these
shortcomings have helped produce well-designed interventions, but
much effort is still directed towards exploring new strategies.

Paricalcitol (PAL) is a low-calcemic vitaminD analoguewidely used for
treating secondary hyperparathyroidism in chronic kidney diseases. As a
vitamin D receptor (VDR) agonist, PAL has powerful anti-inflammatory
and anti-oxidative capacities and is used to prevent ischaemia/reperfusion
injury and seizures [8,9]. Although animal and cell culture evidence show
that vitaminD supplementationmay diminish the amyloid-β (Aβ) burden
and increase Aβ clearance [7,10–12], the potential role of PAL in amyloid
ons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Vitamin D receptor (VDR) signaling may be a potential target for
the treatment of Alzheimer's disease. β-site APP cleavage enzyme
1 (BACE1) is the rate-limiting step in the production of β-amyloid
(Aβ), it can be downregulated by low-density lipoprotein
receptor-related protein 1 (LRP1) through promoting its lysosomal
degradation; LRP1 expression was elevated after vitamin D sup-
plementation in mouse brains, these studies suggested that Aβ
generation may be regulated by VDR signaling. Moreover, 8-
Oxoguanine (8-oxoG) was robustly generated in the brains of
Alzheimer's disease patients and animals. Recent studies uncov-
ered that 8-oxoG accumulation induces calpain-1-mediated cell
death under oxidative conditions. Since calpian-1 expression can
be influenced by VDR,we proposed that VDR signaling may regu-
late neuronal death via targeting 8-oxoG production in the pathol-
ogy of Alzheimer's disease.

Added value of study

Paricalcitol (PAL), a low-calcemic vitamin D receptor agonist, is
clinically used to treat secondary hyperparathyroidism. In this
study, we identified the potential functions of PAL in APP/PS1
mice. We found that PAL promotes LRP1-mediated BACE1 trans-
port to late endosomes, thus increasing the lysosomal degradation
of BACE1 in APP/PS1mouse brains. Furthermore, PAL diminished
8-OHdG generation in neuronal mitochondria via enhancing base
excision repair (BER), resulting in the attenuation of calpain-1-
mediated neuronal loss in APP/PS1 mouse brains.

Implications of all the available evidence

PAL treatment obviously improved the cognitive abilities of APP/
PS1 mice via decreasing Aβ production and reducing neuronal
death. PAL's status as a clinical drug used for the treatment of
secondary hyperparathyroidism has an added advantage of
being readily repurposed for treating the patients with Alzheimer's
disease.
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pathologyhasnot beenexamined in anyanimalmodels ofAlzheimer's dis-
ease. As is well known, amyloid precursor protein (APP) processing by β-
site APP cleavage enzyme 1 (BACE1) and γ-secretase is the predominant
mechanism of Aβ generation [13,14]. Of course, APP can also be cleaved
into sAPPα and αCTF via α-secretase, which constitutes a non-
amyloidogenic pathway [15]. Mounting evidence has shown that BACE1
is the rate-limiting step in the production of Aβ [13,16]. Targeting BACE1
can effectively suppress Aβ generation, indicated by improved cognitive
and memory capacities in several animal models of Alzheimer's disease
[17,18]. Interestingly, it has been reported that several vitaminDanalogues
decrease Aβ formation and increase Aβ degradation in vitamin D deficient
mouse brains or neuroblastoma cells [19]. However, the exact underlying
mechanisms remain to be elucidated.

BACE1 is a single membrane-spanning protease synthesized in the
endoplasmic reticulum and delivered to the cell surface from the
trans-Golgi network (TGN). Mature BACE1 is internalized from the
plasma membrane or directly from the TGN into endosomes [20,21]
where a sealed acid environment is critical for the amyloidogenic pro-
cessing of APP by BACE1 [20,22]; BACE1 is subsequently submitted to ly-
sosomal degradation [23,24]. BACE1was significantly increased in hAPP
transgenic (Tg) mice due to impaired late endocytic trafficking, rather
than upregulated transcriptional expression [24]. It was reported that
Snapin overexpression induced BACE1 retrograde transport and turn-
over through lysosomes in the neurons and thereby reduced BACE1-
mediated Aβ production [24,25]. Low-density lipoprotein receptor-
related protein 1 (LRP1) is widely accepted to play an active role in
transporting Aβ across the blood-brain barrier [26,27]. Notably, LRP1
was recently demonstrated to reduce the protein stability and cell-
surface expression of BACE1 via protein-protein interactions, which
promote the lysosomal degradation of BACE1 [28]. Based on these ob-
servations, targeting LRP1 may not only enhance the brain efflux of Aβ
but also reduce BACE1 expression by improving BACE1 retrograde
transport. In addition, inhibiting SREBP2, the only known transcription
repressor of LRP1, effectively reduced Aβ burden in APP/PS1 mice [29].
SREBP activation can be suppressed by sterols due to a feedback mech-
anism [30]. Furthermore, Vitamin D treatment or VDR activation de-
creases SREBP expression in the kidney [31]. These results prompted
us to investigate whether PAL can be used as a therapeutic agent for
Alzheimer's disease and the exact molecular mechanisms that might
be involved in SREBP2/LRP1/BACE1 singling.

In addition to BACE1, it has recently been demonstrated that VDRs
are colocalized with APP and/or secretase complexes on the neuronal
plasmamembrane [32], and Aβ triggers neurodegeneration by dramat-
ically suppressing VDR expression [33]. More importantly, vitamin D
deficiency in early life affects neuronal differentiation, axonal connec-
tivity, dopamine ontogeny and brain structure and function [34], but vi-
tamin D supplementation protects neurons by preventing cytotoxicity
and apoptosis and by upregulating VDR expression [7,33]. Indeed, ele-
vated levels of Aβ have been associatedwith increased levels of protein,
lipid and nucleic acid oxidation products in the hippocampus and cortex
in Alzheimer's disease [35]. 8-Oxoguanine (8-oxoG), amajor formof ox-
idized base lesions, can be caused directly by guanine in DNA or by the
integration of 8-hydroxyguanosine (8-OHdG) intoDNA fromnucleotide
pools under oxidative conditions. The incorporation of 8-oxoG into na-
scent strands leads to improper pairing with adenine and induces G:C
to A:T transversion mutations [36]. MTH1, OGG1 and MUTYH are the
threemain enzymes responsible for directing against 8-oxoG to prevent
spontaneous mutations. Previous studies show that an increased num-
ber of mtDNA mutations with age promoted Aβ accumulation and
brain atrophy in a mouse model of Alzheimer's disease [37]. Further-
more, mtDNA mutations are abundant in the mitochondria of
Alzheimer's disease patients; these mutations are highly correlated
with base excision repair (BER) deficiency [38]. Although 8-oxoG is ro-
bustly generated in postmortem Alzheimer's disease brains [39], the
function of 8-oxoG remains unclear as it is usually recognized as an in-
dicator of oxidative stress damage. Recently, reports from Nakabeppu's
group demonstrated that 8-oxoG accumulation inmtDNA triggeredmi-
tochondrial dysfunction and impaired neuritogenesis in mouse cortical
neurons in vitro [40,41]. Further studies revealed that 8-oxoG accumu-
lates predominantly in the neuronal mtDNA of mice lacking OGG1 and/
orMTH1 under oxidative conditions, thus leading to calpain-dependent
neuronal death [42]. These observations suggest that targeting 8-oxoG
could be a reliable strategy for preventing cell death in neurodegenera-
tive disease. Thus, questions arise regarding whether PAL treatment in-
fluences Aβ-induced 8-oxoG accumulation and neuronal death, which
are involved in Alzheimer's disease pathogenesis and progression.

In this study, we investigated the effects of PAL on Aβ metabolism
and neuronal loss in APP/PS1 transgenic mice. We first demonstrated
that long-term treatment with PAL improved the cognitive ability of
APP/PS1 mice by decreasing Aβ production, senile plaque (SP) burden
and neuronal loss.

2. Materials and methods

2.1. Reagents

Paricalcitol (19-nor-1, 25-dihydroxyvitamin D2, PAL) was pur-
chased from Sigma-Aldrich (1499403), which was dissolved in 60%
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propylene glycol for stock solution and stored at−80 °C. For the injec-
tion of PAL, the stock solution was further diluted by physiological
saline.

2.2. Animal treatment

The APPswe/PSEN1dE9 (APP/PS1) transgenic mice, a C57BL6 strain
of mice with human APPSwe and PS1-dE9 mutations, were purchased
from the Jackson Laboratory. The animals were maintained in cages in
a controlled environment with free access to standard diet and distilled
water. A total of twenty female APP/PS1mice at the age of 6-month-old
were randomly divided into two treatment groups: vehicle-treated
group and PAL-treated group. Mice were intraperitoneally injected
with PAL (200 ng/kg) or vehicle once every two days for 15 weeks as
our previous report [43]. This study was carried out in accordance
with the recommendations of “Laboratory Animals-Guideline ofwelfare
and ethics, The Ethics Committee for Medical Laboratory Animals of
China Medical University”. The protocol was approved by The Ethics
Committee forMedical Laboratory Animals of ChinaMedical University.

2.3. Tissue preparation

Twenty-four hours after the last intraperitoneally injected with PAL
or vehicle, mice were anesthetized with sodium pentobarbital
(50 mg/kg, intraperitoneally). Mice were subsequently transcardially
perfusedwith physiological saline and sacrificed by decapitation. Brains
were immediately removed and dissected in half on an ice-cold board.
One was fixed in the 4% polyformaldehyde for morphological assess-
ment, the other half was frozen at−80 °C for biochemical analyses.

2.4. Aβ42 oligomer preparation

The Aβ42 oligomer was generated as previously described [44,45].
Briefly, the lyophilized Aβ42 peptide (ChinaPeptides, China) was dis-
solved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma) and divided
into quarters before removing HFIP. The Aβ42 oligomer was obtained
through incubating in 4 °C for 24 h in F12 medium. The quality of the
Aβ42 oligomerwas controlledwithWestern blottingusing the antibody
against Aβ oligomer (Millipore, AB9234, 1: 1000).

2.5. Cell culture and treatment

The N2a-sw cells and N2a cells were a gift from Professor Huaxi Xu
in Xiamen University. The N2a-sw cells (passage 5–11) and N2a cells
(passage 28–33) were used for the in vitro studies. Cells were cultured
in high glucose DMEM (Gibco, Carlsbad, CA) containing 10% FBS
(Gibco, Carlsbad, CA), 100 U/mL penicillin (Sigma), 100 μg/mL strepto-
mycin (Sigma) at 37 °C in a humidified atmosphere of 5% CO2. Cells
were seed onto six-well plate or slides for 36 h and subsequently
starved in FBS free medium for 12 h before PAL (0–30 nM) and/or
Aβ42 oligomer (2 μM) treatment for 24 h. Cells were harvested and
analysed.

2.6. Cell viability analysis

Cells were seeded in 96 well plates until 70% confluence. The gradi-
ent concentrations of PAL (0–30 nM) were added to the N2a-sw cells
and subsequently incubated for 24 h. The N2a cells were pretreated
with PAL (15 nM) for 4 h or calpain-1 inhibitor MDL-28170 (5 μM) for
1 h and subsequently treated with PAL (15 nM) and/or Aβ42 oligomer
(2 μM) for 24 h. Then cellswere coincubatedwith 20 μL [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT; Sigma) for 4 h.
The media were discarded and 150 μL DMSO were added in each well.
The absorbance of each well solution was recorded using a microplate
reader (Themo Fisher Scientific, 1510) at wavelength of 490 nm. The
percentage of cell viability relative to vehicle group was calculated.
Experiments were repeated at least three times in quadruplicate.

2.7. Trypan blue exclusion assay

The N2a cells were pretreated with PAL (15 nM) for 4 h or calpain-1
inhibitor MDL-28170 (5 μM) for 1 h. Cells were subsequently treated
with PAL (15 nM) and/or Aβ42 oligomer (2 μM) for 24 h. Cellswere har-
vested and incubated with 0.04% trypan blue for 5min at room temper-
ature. Trypan blue only stains the dead cells. After washing with PBS,
cells were resuspended in PBS and the living and dead cells were
counted. The death rate (%) = number of dead cells / (number of living
cells + number of dead cells) × 100.

2.8. Real-time PCR

The total RNA was isolated from cerebral cortex tissues or N2a-sw
cells using TRIzol reagents (Invitrogen, 15,596,026) according to the
manufacturer's instructions. One microgram of total RNA was reverse
transcribed to cDNA using GoTaqR 2-Step RT-qPCR System (Promega,
A5001) and the cDNA obtained was used for subsequent PCR reactions.
All PCR reactions performed in a total volume of 20 μL: DNA polymerase
activation at 95 °C for 10 min, and 40 cycles of denaturing at 95 °C for
30 s and annealing and extension at 58 °C for 30 s. The following PCR
primers were used: BACE1: forward, GCATGATCATTGGTGGTATC and
reverse, CCATCTTGAGATCTTGACCA; APP: forward, GGATGCAGAGG
AGGATGACT and reverse, CTCCTCTTCGGCGACTTCTA; LRP1: forward,
CGAGGAGCAGGTTGTTAG and reverse, CAGAAGCAGCAGGAGAAG;
GAPDH: forward, GCCTTCCGTGTTCCTACC and reverse, AGAGTGGGA
GTTGCTGTTG. The mRNA expression was calculated using ΔΔCt
(threshold cycle, Ct) values normalized to GAPDH.

2.9. Immunostaining

Brains from the six-month-old mice treated with PAL or vehicle for
15 weeks were collected and cut on a cryostat (Leica, CM1850) at a
thickness of 10 μm. A series of three equally spaced brain sections
(~1 mm apart) were used for each type of stain. The slides or cells
were fixed with 4% paraformaldehyde for 10 min and subsequently
permeabilized with 0.2% Triton X-100 for 5 min at room temperature.
After blockage with 5% BSA (sigma-Aldrich) for 1 h, sections or cells
were incubated with mouse anti-VDR (Santa Cruz, sc-13,133, 1: 50),
mouse anti-Aβ (Santa Cruz sc-28,365, 1: 400), mouse anti-BACE1
(Santa Cruz, sc-33,711, 1: 50), rabbit anti-LRP1 (Abcam, ab92544, 1:
100), rabbit anti-NeuN (Cell Signaling Technology, 12,943 s, 1: 200),
mouse anti-cathepsin D (Santa Cruz, sc-377,299, 1:20), goat anti-
rab7a (Biorbyt, orb180471, 1:50), rabbit anti-LAMP1 (Abcam,
ab24170, 1: 100), rabbit anti-GFAP (Abcam, ab7260, 1: 200), rabbit
anti-Iba1 (Abcam, ab153696, 1: 200) overnight at 4 °C. The secondary
antibodies, goat anti-mouse-Ig G Alexa 488 (Themo Fisher Scientific,
A32723, 1:300), goat anti-rabbit-Ig G Alexa 555 (Themo Fisher Scien-
tific, A32732, 1:300), rabbit anti-goat-IgG Alexa 555 (Themo Fisher Sci-
entific, A27017, 1:300) were used. Images of half mouse brains from Aβ
stainingwere captured byfluorescentmicroscope (Nikon, NI-SH-E), the
numbers and areas of Aβ-positive plaqueswere quantified using Image J
software. The other images were obtained using a confocal laser micro-
scope (Leica, SP8) and the fluorescent intensities were quantified using
Image J or Image-Pro Plus software.

For quantitative immunodetection of 8-OHdG in mtDNA, sections
were pretreated as previous reports [42]. Briefly, after treatment of Tri-
ton X-100, sections were incubated with RNase A (5 mg/mL; Sigma) at
37 °C for 1 h and subsequently denaturation with ice 25 mM NaOH in
50% ethanol. Then, sections were incubated with mouse anti-8-OHdG
(Abcam, ab62623, 1: 100) and rabbit anti-NeuN (Cell Signaling Technol-
ogy, 12,943 s, 1: 200), and the following steps were described above.
Images were obtained using a confocal laser microscope (Leica, SP8).
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At least twenty neurons for each section were measured using Image J
software to evaluate themitochondrial 8-OHdG index in a single neuron
in cortex [42].

2.10. Immunohistochemistry

Paraffin-embedded brains were sectioned at a thickness of 5 μm. A
series of three equally spaced brain sections (~1 mm apart) were used
for this experiment. Sections were then dewaxed and followed by anti-
gen retrieval using L.A.B solution (Polyscience, Inc) for 20min. After the
blockage of goat serum for 30 min, the sections were incubated with
rabbit anti-NeuN (Cell Signaling Technology, 12,943 s, 1: 200) and
mouse anti-synaptophysin (SYP; Santa Cruz, sc-365,488, 1:50) over-
night at 4 °C. Next, sections were treated with appropriate secondary
antibodies for 1 h and third antibody for 30 min at room temperature,
and subsequently developed in DAB for 3 min. Finally, the sections
were dehydrated and sealed. The images of half mouse brains were ob-
tained from a light microscope (Leica, DM4000B). The NeuN positive
cells in cortexes and SYP intensities in CA1 regions and cortexes were
quantified using Image J software. For the quantification of SYP in CA1
regions, a rectangle spanning 200 μm was drawn over CA1 in Image J,
the same size rectangle was used for each section. The numbers of
NueN positive cells in cortexes and intensities of SYP in cortexes and
CA1 regions were averaged to generate a single value per mouse.

2.11. Sandwich ELISA

For the detection of Aβ, the cortex and hippocampus from vehicle
control- or PAL-treated APP/PS1 transgenic mice were weighed and
subsequently homogenized in 20 mM Tris buffer (pH 8.5) for soluble
Aβ or in 5 M guanidine HCl/50 mM Tris-HCl (pH 8.0) for insoluble Aβ
as our previously described [18]. The homogenates were centrifuged
for 30 min at 4 °C, and the supernatants were diluted with dilution
buffer at an appropriate ratio. The mixtures were then immediately
added to 96-well plates. Aβ40 and Aβ42 level were respectively deter-
mined using Aβ40 kits (Invitrogen, KHB3481) and Aβ42 kits
(Invitrogen, HKB3544) according to the manufacturer's instructions.
Absorbance values were recorded using a microplate reader at a wave-
length of 450 nm.

2.12. Western blot

Cortexes or cells were lysed with lysis buffer and proteins were
quantified using microplate reader at wavelength of 560 nm. Nuclear
proteins were isolated using nucleoprotein extraction kit (Sangon Bio-
tech, BSP009) according to manufacturer's instructions. Equal proteins
were subjected to SDS/PAGE to separate, the proteins were transferred
to PVDF membranes and incubated with mouse anti-VDR (Santa Cruz,
sc-13,133, 1: 500), rabbit anti-BACE1 (Abcam, ab183612, 1: 1000), rab-
bit anti-APP695 (Cell Signaling Technology, 2452, 1: 1000), rabbit anti-
C-APP (Sigma, SAB4200535, 1:1000), rabbit anti-PS1 (Cell Signaling
Technology, 5643, 1: 1000), rabbit anti-AMAD 10 (Cell Signaling Tech-
nology, 14,194, 1: 1000), mouse anti-soluble amyloid precursor α
(sAPPα; Immuno-Biological Laboratories, 11,088, 1: 500), mouse anti-
soluble amyloid precursor β (sAPPβ; Immuno-Biological Laboratories,
10,321, 1: 500), rabbit anti-advanced glycation end products (RAGE;
Sigma, SAB2105049, 1: 1000), goat anti-apolipoprotein (APOE; Santa
Cruz, sc-6384, 1: 500), mouse anti-LRP1 (Santa Cruz, sc-57,353, 1:
400), rabbit anti-LRP1 (Abcam, ab92544, 1: 8000), mouse anti-insulin-
degrading enzyme (IDE; Santa Cruz, sc-514,458, 1:500), mouse anti-
neprilysin (NEP; Santa Cruz, sc-46,656, 1: 500), mouse anti-HSP70
(Themo Fisher Scientific, MA3–008, 1: 2000), rabbit anti-Rab5c
(Themo Fisher Scientific, PA5–36606, 1: 500), goat anti-Rab7a (Biorbyt,
orb180471, 1: 1000), rabbit anti-postsynaptic density proteins 95
(PSD95; Cell Signaling Technology, 3409, 1: 2000), mouse anti-
synaptophysin (SYP; Santa Cruz, sc-365,488, 1:1000), mouse anti-
OGG1 (Santa Cruz, sc-376,935, 1: 500), mouse anti-MTH1 (Santa Cruz,
sc-271,082, 1: 500), mouse anti-MUTYH (Santa Cruz, sc-374,571, 1:
500), rabbit anti-LAMP1 (Abcam, ab24170, 1: 1000), rabbit anti-
LAMP2 (Abcam, ab18528, 1: 1000), rabbit anti-NeuN (Cell Signaling
Technology, 12,943 s, 1: 2000), rabbit anti-IL-1β (Santa Cruz, sc-7884,
1: 500) or mouse anti-TNFα (Santa Cruz, sc-52,746, 1: 500) overnight
at 4 °C. For the detection of Aβ Oligomer 56, the rabbit anti-Oligomer
(Millipore, AB9234, 1: 1000) was employed and the experimental pro-
cedures were performed as previous reports [46,47]. Briefly, the cor-
texes were dissociated in the cold NP40-lysis buffer and centrifuged at
800 g for 10 min at 4 °C. The supernatants were collected and further
centrifuged at 16100 g for 90 min at 4 °C, this step was performed
once again, and the supernatants were the extracellular-enriched frac-
tions which were used for the further detection of Aβ Oligomer 56.
The collected supernatants were further immunodepleted before the
protein concentration was assessed. The supernatants were mixed
with 4× tricine loading buffer with β-mercaptoethanol (βME) and
Tris-Tricine gels were used for the further analysis. Membranes were
washedwith TBST and subsequently incubatedwith horseradish perox-
idase (HRP)-labeled secondary antibodies for 1 h at room temperature.
Enhanced chemiluminescence (ECL) kits (Tanon, 180–5001) and Chem
Doc XRS with Quantity One software (Bio-Rad, 5500) were applied to
detect blots. Data from the bands were determined using Image
J software.

2.13. Morris water maze

After 15 weeks of treatment with PAL, mice were trained for 2 days
and then tested for 5 days using a Morris water maze. The MWM appa-
ratus comprise of a circular water tank (100 cm dia. x 40 cm H) and a
platform (5 cm dia.). The water (22 ± 1 °C, 26 cm H) was rendered
opaque through addition of the nontoxic, water-soluble white ink.
Briefly, themicewere subjected to pre-training (visible platform), com-
posed of 5 trials with intervals of 30 min over 2 days. A limit of 1 min
was given for the mice to find the visible platform. The platform was
then placed opposite to the location used in the visible platform task
and submerged 1 cm below the water surface. The animals performed
5 trials per day and the releasing locations were selected randomly
from each of five indicated positions. The escape latency and the path
length before the mice found the hidden platform were recorded to
evaluate their spatial learning scores. On the last day, the platform
was removed, and the number of times that the mice crossed the plat-
form region was recorded for 1 min. Finally, the recorded data were
analysed with a computer program (Panlab, SMART 3.0).

2.14. Nest construction

The nest construction test was employed to assess the social behav-
ior of mice and the detail procedures and related scores were intro-
duced as previously [48].

2.15. Statistical analysis

All the experiments and analyses are conducted with the experi-
menter blind to drug treatment. All values are presented as the mean
± SEM. Statistical significances between the PAL treatment group and
the vehicle control treatment group were determined by t-test or one-
way analysis of variance (ANOVA). A critical value for significance of p
b .05 was used throughout this study.

3. Results

3.1. PAL treatment improves the cognitive capacity of APP/PS1 mice

The Fig. 1a is the schematic drawing of the time course in this study.
The Morris water maze test was performed to evaluate the spatial
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learning and memory abilities of mice. In the visible platform test, we
did not find significant differences between the PAL (chemical structure
shown in Fig. 1g) treatment and vehicle control groups for escape la-
tency (Fig. 1b) or path length (Fig. 1c), indicating that PAL treatment
did not affect vision and motility in this animal model. However, in
the hidden platform tests, PAL-treated mice spent less time (Fig. 1d)
and travelled shorter lengths (Fig. 1e) when searching for the hidden
platform than vehicle control-treated mice. Since the significant reduc-
tions in the escape latency and path length were observed on day 3 in
PAL-treated group compared to vehicle-treated group, and the escape
Fig. 1.PAL treatment improves the cognitive capacity of APP/PS1mice. APP/PS1mice thatwere s
tests with 2 days of visible platform training, 4 days of hidden platform testing and a probe tria
schematic drawing of the time course in this study. (b-c) Mice from different groups exhibited
platform tests showed that PAL treatment obviously decreased both the escape latency and pat
increased the time spent crossing the platform's former location. Nest construction was visuali
significant rescued the impaired ability to construct nests. n = 10. *p b .05, **p b .01 (Student's
latency and path length remained unchanged in the hidden platform
tests in PAL-treated group, we therefore evaluated the escape latency
and path length on the first trial of day 3. The escape latency and path
length on the first trial of day 3 were not significantly changed (Supple-
mentary Fig. 1), suggesting that PAL treatment could improve the cogni-
tive ability of APP/PS1. Moreover, the probe trial performed on the last
day of the testing indicated a significant increase in the passing times
of the PAL treatment group compared to those of the vehicle control
group (Fig. 1f; vehicle= 2.9± 0.3 vs PAL= 4.6± 0.7), further suggest-
ing that the cognitive capacity of APP/PS1 mice was improved after PAL
ix-months-oldwere treatedwith PAL (i.p., 200 ng/kg/2 d) for 14weeks.Morriswatermaze
l after 24 h of the last hidden platform test were used to evaluate cognitive ability. (a) The
a similar escape latency and path length to the visible platform at day 1. (d-e) The hidden
h length from the 3rd day to the 6th day. (f) In the probe trial, PAL treatment significantly
zed after 13 weeks of PAL treatment. (g) The chemical structure of PAL. (h) PAL treatment
-t-test).
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treatment. Nest construction is an inherited social behaviour for mice,
and this ability can be gradually impaired in APP/PS1 mice. Following
PAL treatment, this impairment was largely rescued in APP/PS1 mice
compared with that in control mice (Fig. 1h).

3.2. PAL treatment reduces Aβ generation in APP/PS1 mice

At the end of treatment, themicewere sacrificed, and Aβ plaquewas
visualized using immunofluorescence (Fig. 2a). PAL treatment caused a
~30% reduction in the number of Aβ plaque and a ~50% reduction in the
area of Aβ plaque (Fig. 2b, c) in the cortex of APP/PS1mice. Althoughwe
did notfind a significant decrease in the number of Aβ plaque in the hip-
pocampus (Fig. 2b), the area of Aβplaquewas reduced to ~65% after PAL
treatment (Fig. 2c). Immunoblotting assays also detected a ~35% reduc-
tion in Aβ oligomer contents after PAL treatment (Fig. 2d). The Aβ40
and Aβ42 concentrations in the cortex and hippocampus were assessed
using sandwich ELISAs. As shown in Fig. 2e, h, the soluble and insoluble
Aβ40 levels in the hippocampus were slightly but significantly lower
(Fig. 2e; vehicle = 10.2 ± 2.3 vs PAL = 7.5 ± 1.6. Fig. 2h; vehicle =
942.3 ± 183.8 vs PAL = 611.3 ± 244.1) in the PAL treatment group
than in the vehicle control group; interestingly, the soluble and
Fig. 2. PAL treatment reduces senile plaque burden in APP/PS1mice. (a) Immunofluorescent lab
sections/brain, n=6. (b-c) Quantification of Aβ fluorescence revealed reduced number of Aβ p
APP/PS1mice after PAL treatment. (d) PAL treatment decreasedAβ oligomer protein levels. n=
and a considerable reduction in Aβ42 in the cortex and hippocampus of APP/PS1mice after PAL
hippocampus after PAL treatment. n = 8. (h-i) The insoluble Aβ40 was decreased in the hippoc
PS1 mice after PAL treatment. n = 8. (j) The ratio of insoluble Aβ42/40 was decreased in hipp
insoluble Aβ42 levels were considerably reduced in both the cortex
(Fig. 2f; vehicle = 15.8 ± 1.5 vs PAL = 7.8 ± 0.3. Fig. 2i; vehicle =
1315.3 ± 201.4 vs PAL = 749.3 ± 125.7) and hippocampus (Fig. 2f;
vehicle = 32.9 ± 3.5 vs PAL = 13.9 ± 1.6. Fig. 2i; vehicle = 2838.3
± 157.1 vs PAL=1238.1± 149.6) in the PAL treatment group. Further-
more, the ratios of soluble Aβ42/Aβ40were also decreased in the cortex
(Fig. 2g; vehicle = 2.7 ± 0.5 vs PAL= 1.5 ± 0.2) and the ratios of solu-
ble and insoluble Aβ42/Aβ40 were both decreased in the hippocampus
(Fig. 2 g; vehicle= 3.2±0.4 vs PAL=1.9± 0.2. Fig. 2j; vehicle=3.1±
0.4 vs PAL=2.0±0.2) in the PAL treatment group. Immunoblotting re-
sults also showed a significant reduction in Aβ generation in PAL-
treated mice compared to vehicle-treated mice (Supplementary Fig. 2).

3.3. PAL treatment decreases BACE1 expression in APP/PS1 mice

Immunostaining showed that VDR expression wasmostly restricted
to NeuN (a post-mitotic neuronal marker)-positive cells (Fig. 3a), the
endothelium (Fig. 3a, large arrows) and glial cells (Fig. 3a, small ar-
rows), and PAL treatment increased VDR expression by ~35% (Fig. 3b).
Because SREBP2 is regulated by VDR [30,31], we then analysed the ex-
pression of SREBP2. As expected, total SREBP2 expression was reduced
elling of Aβ showing the Aβ plaque in the cortex and hippocampus of APP/PS1mice. Three
laque in the cortex and reduced areas of Aβ plaque in both the cortex and hippocampus of
8. (e-f) ELISA results showed a slight but significant reduction inAβ40 in the hippocampus
treatment. n=8. (g) The ratios of soluble Aβ42/40were decreased in both the cortex and
ampus and the insoluble Aβ42 were reduced in both the cortex and hippocampus of APP/
ocampus after PAL treatment. n = 8. *p b .05, **p b .01 (Student's-t-test).



399Y.-G. Fan et al. / EBioMedicine 45 (2019) 393–407
to ~48% (Fig. 3b), whichwas accompanied with a ~45% reduction of nu-
clear SREBP2 expression (Fig. 3c) in PAL treatment group compared to
vehicle control group, indicating that PAL-induced reductions in
SREBP2 expression are highly correlated with VDR activation in APP/
PS1 mouse brains.

To further determine whether the decrease in Aβ generation and
aggregation in APP/PS1 mice after PAL treatment is associated with
APP-processing enzymes, we quantified the expression levels of
ADAM10, BACE1 and PS1, which respectively correspond to α-, β- and
γ-secretase. As shown in Fig. 3d, the expression levels of APP,
Fig. 3. PAL treatment decreases BACE1 expression in APP/PS1 mice. (a) Sections from APP/PS1
cortex shows the predominant localization of VDR in NeuN-positive neurons, and the large
respectively. (b-c) Inhibition of total and nuclear SREBP2 were associated with VDR activatio
expression of BACE1 but caused no significant differences in the protein levels of APP, ADAM
levels of sAPPβ and C99 are decreased, but the protein levels of sAPPα and C83 are uncha
expression levels were not significantly different in APP/PS1 mouse brains after PAL treatmen
expression of APOE, RAGE, IDE and NEP in APP/PS1 mouse brains. n = 8. (h) PAL treatmen
(i) The lysosomal markers (LAMP1 and LAMP2) were increased in APP/PS1 mouse cortex afte
region after PAL treatment. The white arrows show BACE1 is not co-localized with LAMP1. T
and rab7a (late endosomal marker) were significantly reduced in APP/PS1 mouse brains after
ADAM10 and PS1were not significantly different, but BACE1 expression
levels weremarkedly decreased by ~46% after PAL treatment compared
to those of the vehicle control; these findings suggest that BACE1 is the
exclusive target enzyme of PAL that is responsible for the disturbance of
Aβ generation. However, we did not find significant differences in the
mRNA expression of BACE1 (Fig. 3f). Next, we evaluated the activities
ofα- andβ-secretase based on their cleaved production of APP. The pro-
ductions of sAPPα and C83 remained unchanged (Fig. 3e), whereas
sAPPβ and C99 productions were respectively reduced to ~53% and
50% compared to that of the vehicle control (Fig. 3e). Furthermore, the
mouse brians were co-stained with VDR (green) and NeuN (red); the merged image from
arrows and small arrows show the localization of VDR in the epithelium and glial cells,
n in the cortex of APP/PS1 mice. n = 8. (d) PAL treatment dramatically suppressed the
10 or PS1 in APP/PS1 mouse brains. n = 8. (e) Immunoblotting showed that the protein
nged in APP/PS1 mouse brains after PAL treatment. n = 8. (f) APP and BACE1 mRNA
t. n = 6. (g) PAL treatment induced a marked upregulation of LRP1 without altering the
t increased the immunointensity of LAMP1 in CA3 region. Three sections/brain, n = 6.
r PAL treatment. n = 6. (j) Co-localizations of BACE1 and LAMP1 were increased in CA3
hree sections/brain, n = 5. (k) The expression levels of rab5c (early endosomal marker)
PAL treatment. n = 8. *p b .05, **p b .01 (Student's-t-test).
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γ-secretase activity was not significantly altered by PAL treatment
(Supplementary Fig. 3). These data demonstrated that suppressing the
protein levels and activity of BACE1may be themainmechanismunder-
lying PAL-mediated Aβ plaque reduction.

Aβ transport also plays a vital role in Aβ aggregation in the brain.We
further examined the Aβ efflux protein LRP1, its ligand APOE, the Aβ in-
flux protein RAGE, and the Aβ-degrading enzyme IDE and NEP. These
proteins were unchanged, except for LRP1, its protein level and mRNA
level were significantly increased after PAL treatment compared to ve-
hicle control treatment (Fig. 3f, g). Interestingly, the lysosomal degrada-
tion of BACE1 can be induced by LRP1 [28]. In the present study, the
lysosomal markers, LAMP1 and LAMP2 were respectively increased to
~153% and ~125% (Fig. 3i), and immunointensity of LAMP1was also in-
creased to ~145% in CA3 region after PAL treatment (Fig. 3h). Further-
more, immunostaining showed that PAL treatment causes a ~74%
increase in the co-localization of BACE1 and LAMP1 in CA3 regions
(Fig. 3j). The BACE1 targeting to lysosomes is impacted in Alzheimer's
disease, which leads to accumulation of endosomes in neurons
[24,49]. The expression levels of an early endosomal marker (Fig. 3k;
rab5c; ~67% of vehicle control) and a late endosomal marker (Fig. 3 k;
rab7a; ~47% of vehicle control) were decreased in PAL treated mice.
These data suggest that PAL treatment may promote BACE1 lysosomal
targeting and stimulates Aβ elimination via upregulating LRP1 in APP/
PS1 mouse brains.
Fig. 4. PALdownregulates BACE1 expression via promotingBACE1 lysosomal degradation inN2a
sw cells. *p b .05 (Student's-t-test). (b) According to sandwich ELISA results, the concentration o
.05 (Student's-t-test). (c-e) Immunoblotting results showing the protein levels of VDR, APP, ADA
*p b .05, **p b .01 (one-way ANOVA). (f) Real-time PCR results showing themRNA expression o
LRP1 (green) was increased in N2a-sw cells after PAL treatment. The arrows indicate the co-loc
(red) with Rab7a (green) were analysed in PAL (15 nM) and/or CQ (20 μM) treated cells. At lea
localization of BACE1 (green) with LAMP1 (red) was increased in 15 nM PAL-treated cells com
LAMP1. At least thirty cells were quantified per group. **p b .01 (Student's-t-test). (j) Co-incub
the altered BACE1 and LRP1 expression levels caused by PAL treatment only. *p b .05, **p b .01
3.4. PAL downregulates BACE1 expression via promoting BACE1 lysosomal
degradation in N2a-sw cells

Next, we used N2a-sw cells to further explore the mechanism of
PAL-induced BACE1 downregulation. As expected, PAL treatment
caused no cytotoxicity to these cells (Fig. 4a). PAL slightly but signifi-
cantly reduced the amount of Aβ42 (Fig. 4b; ~88% of vehicle control)
that was secreted into the culture medium. VDR expression was ro-
bustly increased to ~220% after PAL treatment (Fig. 4c). Meanwhile,
PAL treatment dramatically downregulated the expression of BACE1 in
a dose-dependentmanner (Fig. 4d; ~69% - 32% of vehicle control) with-
out altering the expression of APP, ADAM10 or PS1 (Fig. 4d). The cyclo-
heximide chase experiments also revealed that PAL treatment reduces
the halflife of BACE1 (vehicle = 14.8 ± 1.1 vs PAL = 11.1 ± 0.9) com-
pared to vehicle control in N2a-sw cells (Supplementary Fig. 4). Fur-
thermore, SREBP2 was reduced (Fig. 4e; ~75% - 52% of vehicle control)
in parallel with LRP1 upregulation (Fig. 4e, f; ~169% of vehicle control)
following PAL treatment, suggesting that PAL upregulates LRP1 expres-
sion via inhibiting SREBP2 in neurons. However, we did not find signif-
icant changes in BACE1 mRNA expression (Fig. 4f), indicating that PAL
post-transcriptionally regulated BACE1 in N2a-sw cells.

Since LRP1 interacts with BACE1 to promote BACE1 targeting to late
endosomes for lysosomal degradation [28], we speculated that PAL
treatment downregulates BACE1 via upregulation of LRP1. As shown
-sw cells. (a)MTT assays showed that 0–30nMPAL treatment causedno cytoxicity inN2a-
f Aβ42 in themediumwas significantly decreased after 15 nMPAL treatment for 24 h. *p b

M10, BACE1, PS1, SREBP2 and LRP1 in N2a-sw cells after 0–30 nMPAL treatment for 24 h.
f LRP1 and BACE1. **p b .01 (one-way ANOVA). (g) The co-localization of BACE1 (red) and
alization of BACE1 with LRP1. *p b .05 (Student's-t-test). (h) The co-localizations of BACE1
st thirty cells were quantified per group. *p b .05, **p b .01 (one-way ANOVA). (i) The co-
pared to vehicle control. White circles showing the BACE1 co-localized with Rab7a and
ation with PAL (15 nM) and chloroquine (CQ; 20 μM) for 24 h in N2a-sw cells abrogated
(one-way ANOVA).
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in Fig. 4g, PAL treatment leaded to a ~45% increase in the co-localized in-
tensity of LRP1 and BACE1 compared to vehicle control. Moreover, PAL-
induced BACE1 reduction was abrogated by LRP1 knockdown (Supple-
mentary Fig. 5). Immunostaing revealed that although the co-
localizations of Rab7a and BACE1 in vehicle control and PAL-treated
cells were similar, PAL treatment combined with a lysosomotropic re-
agent chloroquine (CQ) clearly increased the BACE1 located in late
endosomes compared to PAL-treated cells (Fig. 4h). Meanwhile, PAL
treatment combined with CQ also significantly elevated the co-
localization of BACE1 with Rab7a compared to CQ treatment (Fig. 4h).
These data suggested that PAL treatment promotes BACE1 targeting to
late endosomes. In addition, PAL treatment also caused a ~61% increase
in the co-localization of BACE1 and LAMP1 compared to vehicle control
(Fig. 4i).We then used CQ to further verify the PAL-induced BACE1 lyso-
somal degradation. As shown in Fig. 4j, the PAL-induced BACE1 reduc-
tion was almost completely rescued after CQ treatment. These data
demonstrated that PAL treatment promotes BACE1 targeting to late
endosomes for lysosomal degradation via upregulating LRP1 expres-
sion. Interestingly, we found a significant reduction in LRP1 expression
after CQ treatment only or CQ treatment combined with PAL. These re-
sults indicated that the disruption of lysosomal functionmay have a role
in regulating LRP1, and they confirm that LRP1 does not undergo lyso-
somal degradation as reported before [28,50].

3.5. PAL treatment diminishes 8-OHdG generation in neuronal mitochon-
dria via improved BER

Due to our finding that Aβ aggregation was decreased by accelerat-
ing LRP1-dependent clearance and BACE1 lysosomal degradation, we
next sought to determine the neuroprotective mechanism of PAL.
mtDNAmutations are highly associatedwith ageing and neurodegener-
ative diseases. Error-avoiding mechanisms protect mitochondria from
oxidative-inducedmtDNAmutations andmaintainmitochondrial func-
tions. As 8-OHdG is a main contributor to oxidative damage, we
analysed the expression of OGG1, MTH1, and MUTYH, which prevent
8-OHdG-induced mtDNA mutations. As shown in Fig. 5a, OGG1 and
MTH1 expression levels were dramatically increased by ~42% and
~119%, respectively, while MUTYH expression was largely downregu-
lated (~63% of vehicle control) in PAL-treated mice compared to vehicle
control-treated mice. We then visualized the expression of 8-OHdG in
mitochondria using immunofluorescence, images showed that the 8-
OHdG was highly co-localized with mitochondrial markers COX4 and
P450 (Supplementary Fig. 6). The fluorescence intensity of 8-OHdG
was strongly reduced to ~53% after PAL treatment (Fig. 5b). To identify
whether 8-OHdG was reduced predominantly in neuronal mitochon-
dria, we co-stained 8-OHdG and NeuN. Images revealed that 8-OHdG
was mostly co-localized with NeuN-positive cells, and the relative 8-
OHdGfluorescent index confirmed the reduction in 8-OHdG in neuronal
mitochondria after PAL treatment (Fig. 5c). These data demonstrated
that PAL strongly diminishes 8-OHdG generation in neuronalmitochon-
dria via upregulating OGG1 and MTH1.

3.6. Inhibition of caspase- and calpain-dependent neuronal loss after PAL
treatment

Neuronal loss mediated by caspase-dependent apoptosis is a key
feature of Alzheimer's disease progression. As mtDNA damage in mito-
chondria was rescued by PAL treatment in neurons, we hypothesized
that PAL may play a role in regulating mitochondria-induced apoptosis
via changing the expression of Bcl-2 family proteins. Interestingly, al-
though activated caspase-3 (Fig. 6a; ~70% of vehicle control)was down-
regulated after PAL treatment, the expression levels of Bax and Bcl-2
were not altered (Fig. 6a), suggesting that the caspase-dependent apo-
ptosis attenuated by PAL is independent of Bcl family proteins and in-
volved other mechanisms. Notably, PAL effectively downregulates
MUTYH (Fig. 5a), and 8-oxoG induces MUTYH-initiated cell death in a
calpain-dependent manner [40,42]; herein, we quantified calpain-1 ex-
pression and its enzymic activity using immunoblotting. As shown in
Fig. 6b, calpain-1 was significantly reduced to ~70% after PAL treatment.
To assess the enzymic activity of calpain-1, we analysed the cleaved
product (145 KD) of α-spectrin, a specific hydrolytic product of
calpain-1. As shown in Fig. 6b, the cleaved product ofα-spectrinwasde-
creased to ~54% after PAL treatment, indicating that calpain-1 activity is
inhibited by PAL. Ectopic calpain-1 activation induces lysosomal rupture
and subsequently leads to cell death [40,42]. The lysosomal content
were significantly increased after PAL treatment in APP/PS1 mouse
brains (Fig. 3h, i), indicating that PAL may inhibit lysosomal rupture
via targeting calpain-1. HSP70 is localized at the lysosomal membranes
which is indispensable for stabilizing the lysosomal membranes. Acti-
vated calpain-1 induces lysosomal rupture via cleavage of full-length
HSP70 [51]. Interestingly, the full-length HSP70 was significantly in-
creased after PAL treatment (Fig. 6b). Moreover, cathepsin D, a hydro-
lytic cathepsin enzyme typically sequestered within lysosomes, were
largely leaked from lysosomes in APP/PS1 mouse brains, however, PAL
treatment significantly reversed this phenomenon (Fig. 6c). Our data
suggested that PAL treatment inhibits calpain-1-meidated lysosomal
rupture in APP/PS1 mouse brains. Consequently, the expression levels
of NeuN (Fig. 6d; ~144% of vehicle control) and synaptic markers
(Fig. 6d; SYP, ~131% of vehicle control and PSD95, ~136% of vehicle con-
trol) were significantly increased by PAL treatment compared to vehicle
control treatment. Immunohistochemical staining also revealed that
PAL treatment increases the NeuN positive cells in cortex (Fig. 6e;
~135% of vehicle control) and SYP intensities in cortex (Fig. 6f; ~150%
of vehicle control) and CA1 region (Fig. 6f; ~155% of vehicle control)
compared to vehicle control, further confirming that PAL inhibits neuro-
nal death and synaptic loss.

3.7. PAL treatment reduces Aβ42 oligomer-induced cell death in N2a cells

In order to elucidatewhether PAL has a direct role in the regulation of
mitochondrial 8-OHdG-induced cell death in the pathology of
Alzheimer's disease, we further evaluated the effects of PAL on Aβ42
oligomer-treated N2a cells. Our results revealed that the Aβ42 oligomer
treatment clearly reduced the expressions of OGG1 and MTH1 in N2a
cells (Fig. 7a). Meanwhile, the expressions of MUTYH and calpain-1
were significantly increased in Aβ42 oligomer-treated cells compared
to vehicle control (Fig. 7a, b). However, PAL treatment significantly res-
cued these effects mediated by Aβ42 oligomer (Fig. 7a, b). As expected,
PAL treatment effectively reduced the Aβ42 oligomer-induced mito-
chondrial 8-OHdG generation in N2a cells (Fig. 7c, d). These data sug-
gested that PAL could directly regulate mitochondrial 8-OHdG
generation via targeting BER. In addition, consistent with the effects of
calpain-1 inhibition, PAL treatment significantly increased the cell viabil-
ity and decreased the death rate in Aβ42 oligomer-treated cells (Fig. 7e,
f), indicating that PAL could reduce Aβ toxicity-induced cell death.

3.8. PAL treatment alleviates inflammatory stress

Ectopic inflammatory responses are crucial for the progression of
Alzheimer's disease, and excessive amounts of inflammatory factors se-
creted by active microglia and astrocytes exacerbate Aβ-induced cell
damage. As shown in Fig. 8a, the IL-1β (~64% of vehicle control) and
TNFα (~48% of vehicle control) were significantly reduced after PAL
treatment. Immunostaining also revealed that PAL treatment reduced
the numbers of active microglia and astrocytes around Aβ plaques
(Fig. 8b). These results indicated that the ectopic inflammatory stress
induced by Aβ aggregation was inhibited by PAL treatment.

4. Discussion

Clinical investigations have shown that vitamin D supplementation
effectively ameliorates the process of Alzheimer's disease by improving
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cognitive ability [4,5,52]. However, the mechanism throughwhich vita-
min D inhibits Alzheimer's disease remains unknown. It is well recog-
nized that altering Aβ production and/or clearance is an important
strategy for Alzheimer's disease therapy. In this study, we found that
long-term treatment with PAL clearly attenuated Aβ deposition via
downregulating Aβ42 production; PAL also suppressed neuronal
death and, most importantly, rescued cognitive impairment in APP/
PS1 mice.

It has been reported that vitamin D insufficiency increases the risk of
developing Alzheimer's disease [53,54] and that supplementation with
vitamin D or VDR overexpression suppresses the promoter activity of
APP in neuroblastoma cells [54]. However, in this study, APP protein
levels were not altered after PAL treatment in either APP/PS1 mice or
N2a-sw cells, despite increased VDR expression levels. In fact, VDR
was recently identified as a transcriptional regulator of genes involved
in APP processing. VDR silencing significantly increased the mRNA ex-
pression levels of ADAM10, BACE1 and PS1, while vitamin D repressed
Fig. 5. PAL treatment diminishes 8-OHdGgeneration inneuronalmitochondria via improved BE
the expression of MUTYH in APP/PS1mouse brains. n= 8. (b) Mitochondrial 8-OHdG generatio
(c) PAL treatment dramatically suppressed mitochondrial 8-OHdG generation in NeuN-p
(Student's-t-test).
the expression of these mRNAs and subsequently reduced the produc-
tion of Aβ42 in primary neurons [55]. Interestingly, the soluble Aβ42
was clearly reduced in both the cortex and hippocampus without
influencing the concentration of soluble Aβ40 in cortex after PAL treat-
ment. The APP/PS1mice are characterized by higher production of Aβ42
than Aβ40, the inequality of Aβ40 andAβ42 productionmay lead to dif-
ferent drug tolerance between Aβ40 and Aβ42. Indeed, the different al-
ternations between Aβ42 and Aβ40 after drugs treatment were
observed in many studies [56,57]. The expressions of the major
secretases involved in APP processing were examined. Among these
proteins, only BACE1 protein level was sharply downregulated in APP/
PS1 mice after PAL treatment. Interestingly, the mRNA expression of
BACE1was not altered, suggesting that PAL post-transcriptionally regu-
late BACE1 expression.

BACE1 is abundantly localized in neuronal axons and dendrites [58];
there, APP is hydrolysed to Aβ and subsequently released into the extra-
cellular region [59]. Mature BACE1 can be endocytosed to early
R. (a) PAL treatmentmarkedly increased the expression ofOGG1andMTH1but suppressed
n was inhibited in APP/PS1mouse brains after PAL treatment. Three sections/brain, n= 6.
ositive neurons from APP/PS1 mouse brains. Three sections/brain, n = 6. **p b .01



Fig. 6. Inhibition of caspase- and calpain-dependent neuronal loss after PAL treatment. (a) Caspase-3 inhibition was independent of Bcl family proteins (Bcl-2 and Bax) in APP/PS1mouse
brains after PAL treatment. n = 8. (b) PAL treatment suppressed the expressions of calpain-1 and α-spectrin (145 KD), whereas increased the expression of full-length HSP70. n = 8.
(c) PAL treatment increased the co-localization of cathepsin D (green) with LAMP1 (red). Three sections/brain, n = 5. (d) NeuN, SYP and PSD95 upregulation were induced by PAL
treatment, n = 8. (e-f) NeuN positive cells in cortex and SYP intensities in cortex and CA1 region were increased after PAL treatment. Three sections/brain, n = 5. *p b .05, **p b .01
(Student's-t-test).
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Fig. 7. PAL treatment reduces Aβ42 oligomer-induced cell death in N2a cells. (a-b) PAL treatment (15 nM) rescued the Aβ42 oligomer (2 μM)-induced OGG1 andMTH1 downregulations
as well as MUTYH and calpain-1 upregulations. (c-d) PAL treatment reduced the Aβ42 oligomer-induced mitochondrial 8-OHdG generation in N2a cells. (e) PAL treatment increased the
cell viability in Aβ42 oligomer-treated N2a cells. (f) PAL treatment decreased Aβ42 oligomer-induced cell death in N2a cells. n = 3. *p b .05, **p b .01 (Student's-t-test).
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endosomes and then transferred to late endosomes for lysosomal deg-
radation [20,28]. Elevated BACE1 expression was found in Alzheimer's
disease brains because of the impaired lysosomal degradation of
BACE1 [24]. Here, we demonstrated that PAL treatment promotes
BACE1 targeting to late endosomes for lysosomal degradation in vivo
and in vitro. BACE1 expression is predominantly modulated by post-
translational regulations. BACE1 can be modified with bisecting N-
acetylglucosamine (GlcNAc), which stabilizes BACE1 to avoid lysosomal
degradation in Alzheimer's disease brains [60]. BACE1 can also be phos-
phorylated at Ser498 in its cytoplasmic domain, which promotes the in-
teraction of BACE1 and GGA1, thereby modulating BACE1 intracellular
trafficking [61]. Despite the direct modifications of BACE1, proteins
can also directly interact with BACE1 to promote lysosomal degradation
of BACE1 [24,28]. Snapin, as a dyneinmotor adaptor for late endosomes,
directly interacts with BACE1 to mediate BACE1 retrograde transport
[24]. LRP1 is highly localized to neurons and reported to be a substrate
of BACE1 [62,63] and that LRP1 is also recognized as an endocytic recep-
tor [64]. Recent study revealed that LRP1 interacts with BACE1 to de-
crease the protein stability and membrane association of BACE1,
which subsequently facilitates the transition of BACE1 from early
Fig. 8. PAL treatment alleviates inflammatory stress. (a) IL-1β and TNFαweredecreased after PA
around Aβ plaque. Three sections/brain, n = 5. **p b .01 (Student's-t-test).
endosomes to late endosomes for lysosomal degradation [28]. The ex-
pression of LRP1 was considerably upregulated after PAL treatment,
thus, we concluded that LRP1-mediated BACE1 lysosomal degradation
is the main cause of PAL-mediated SP reductions in APP/PS1 mice.

Impaired Aβ efflux in the brain accelerates the progression of
Alzheimer's disease. Endothelial LRP1 interacts with Aβ and mediates
Aβ transcytosis through the blood-brain barrier; thus, LRP1 is widely
recognized as themost important transporter for Aβ efflux [26,27]. Spe-
cific deletion of LRP1 in forebrain neurons exacerbates Aβ aggregation
in cortexwithout affectingAβproduction andAβ degradation enzymes;
these findings highlight the great importance of LRP1 in the neuronal
clearance of Aβ [64]. However, LRP1 regulation remains poorly under-
stood. SREBP2 is recognized as the only transcriptional repressor of
LRP1, and increased nuclear SREBP2 expression leads to LRP1 downreg-
ulation,which impairs Aβ clearance in Alzheimer's disease patients [65].
Interestingly, a recent study demonstrated that 25-hydroxyvitamin D
(25OHD), one of the hydroxylated vitamin D metabolites, decreases
SREBP2 level independent of the VDR [66]. However, this study also pro-
vided the evidence that themechanismof 1,25(OH)2 D-induced SREBP2
downregulation is different from 25OHD-induced SREBP2
L treatment. n=8. (b) PAL treatment alleviated the activations ofmicroglia and astrocytes
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downregulation [66]. Since 1,25(OH)2 D is themost potent endogenous
VDR ligand, this study also indicated that VDR may be a repressor of
SREBP2. Consistent with this study, the increased SREBP2 expression
was found in the mice with decreased VDR transcriptional activity
[67]. Moreover, the VDR agonist doxercalciferol also decreased the
SREBP2 expression in dietary fat-induced renal disease [31]. SREBP2 ex-
pression was decreased in PAL-treated mice, thus we suggest that PAL
upregulates LRP1 expression in vivo and in vitro, possibly through
targeting SREBP2. In line with our observation, Guo et al. [68] demon-
strated that LRP1was increased inmouse brainmicrovascular endothe-
lial cells after vitamin D exposure. On the other hand, Durk et al. [7]
reported that vitamin D induced P-glycoprotein (P-gp) expression to
mediate Aβ efflux in Tg2576 mice without affecting LRP1 or RAGE ex-
pression. The reason for these conflicting observations is unclear but
may be related to the differences in the animal models used in these
studies. APOE is a competitive ligand for Aβ binding to LRP1 in the inter-
stitial fluid and subsequently influences soluble Aβ metabolism [69].
APOE levels were not changed in our experiment, suggesting that the
increased LRP1 expression is conducive to forming the LRP1-Aβ com-
plex, which is a critical step for Aβ clearance. Thus, our results strongly
suggest that PAL eliminates Aβ in the brains of APP/PS1 mice through
upregulating LRP1.

Neuronal degeneration is an event down-stream of Aβ toxicity. As
expected, we also found that PAL is a strong neuroprotective agent
that protects neurons from neuronal degeneration in APP/PS1 mice
and in response to Aβ. Calpains are a family of Ca2+-activated cysteine
proteases closely linked with Alzheimer's disease. Inhibiting calpain-1
effectively suppresses neuronal death mediated by Ca2+ loading or ox-
idative stress [70,71]. Moreover, calpain-1 activity is increased through-
out the progression of Alzheimer's disease [72] and inhibiting calpain-1
relieves Alzheimer's disease pathology in an animal model of
Alzheimer's disease [73]; these findings indicate that the suppression
of calpain-1 is an attractive strategy for Alzheimer's disease treatment.
Notably, OGG1 and/or MTH1 deficiency contributes to 8-oxoG accumu-
lation in mitochondria and subsequently leads to calpain-1-induced ly-
sosomal rupture and neuronal loss under oxidative stress conditions
[42]. Our findings in the present study show that OGG1 and MTH1 ex-
pression levelswere dramatically increased, andMUTYHwas downreg-
ulated in PAL-treated mice compared to vehicle control-treated mice;
these effects reduced mitochondrial 8-OHdG in neurons. Lysosomal
rupture was eventually reduced in PAL-treated mice, consistent with
previous findings that 8-OHdG generation in mitochondria induces mi-
tochondrial dysfunction and subsequently causes Ca2+ release frommi-
tochondria to induce calpain-1-meidated lysosomal rupture [40,42].
Active caspase-3 levels were significantly decreased in PAL-treated
mice compared to vehicle control-treated mice. However, we found
no differences in the expression levels of Bcl family proteins, suggesting
that PAL inhibits neuronal apoptosis via suppressing caspase-3 activa-
tion, independent of changes in Bcl family proteins. It has been demon-
strated that calpain-1 regulates apoptosis via activating caspase-3 [71],
but mitochondrial 8-oxoG-induced cell death is independent of
caspase-3 activation [40,42]. Calpain-1 but not caspase-3 activity is in-
creased throughout Alzheimer's disease progression [72], indicating
that calpain-1 regulates neuronal death in Alzheimer's disease indepen-
dent of caspase-3. The expression levels of post-mitotic neuronal and
synaptic markers were significantly higher in the PAL treatment group
than in the vehicle control treatment group, demonstrating that neuro-
nal loss was inhibited after PAL treatment. Therefore, we infer that PAL
treatment suppresses neuronal death via inhibiting caspase-3 activation
aswell as calpain-1 activation by inhibiting the generation of 8-OHdG in
neuronal mitochondria. Of note, PAL treatment effectively reduces lyso-
somal rupture in APP/PS1 mouse brains. Considering that BACE1 is pre-
dominantly degraded in lysosomes [24,28], inhibition of lysosomal
rupture can be another mechanism in PAL-mediated BACE1 reduction.

In summary, our study found that PAL treatmentmarkedly improves
cognitive ability in APP/PS1 mice. Mechanistic studies show that PAL
treatment dramatically upregulates LRP1 expression via inhibiting
SREBP2; increased LRP1 expression levels in neurons promote the
LRP1-mediated BACE1 lysosomal degradation, resulting in reduced Aβ
production. Furthermore, PAL treatment effectively protected mtDNA
from 8-OHdG-mediated spontaneous mutations via upregulating
OGG1 andMTH1 expression, which abrogates calpain-1-mediated neu-
ronal death.
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