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Oxidative stress is an important pathogenic manifestation of Alzheimer’s disease (AD) that contributes to syn-
aptic dysfunction, which precedes Ap accumulation and neurofibrillary tangle formation. However, the molec-
ular machineries that govern the decline of antioxidative defence in AD remains to be elucidated, and effective
candidate for AD treatment is limited. Here, we showed that the decreases in the inhibitor of apoptosis-
stimulating protein of p53 (iASPP) was associated with the vulnerability to oxidative stress in the amyloid
precursor protein (APP)/presenilin 1 (PS1) mouse brain. Treatment with an antioxidant, syringin, could
ameliorate AD-related pathologic and behavioural impairments. Interestingly, syringin treatment resulted in an
upregulation of iASPP and the increase in the interaction of iASPP with Kelchlike ECH-associating protein 1
(Keapl). Syringin reduced neuronal apoptosis independently of p53. We confirmed that syringin-induced
enhancement of antioxidant defenses involved the stabilization of Nrf2 in overexpressing human Swedish
mutant APP (APPswe) cells in vitro. Syringin-mediated Nrf2 nuclear translocation facilitated the activation of the
Nrf2 downstream genes via iASPP/Nrf2 axis. Our results demonstrate that syringin-mediated increases of iASPP-
Keapl interaction restore cellular redox balance. Further study on the syringin-iASPP interactions may help in
understanding the regulatory mechanism and designing novel potent modulators for AD treatment.

1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disease and
the most common form of age-related dementia, which has become a
global health and social problem with the ageing of the world’s popu-
lation. The clinical characteristics of AD patients are progressive
cognition impairment accompanied by the pathological features of
decreased synaptic density, neuronal dysfunction and neuronal loss in
the hippocampus and cortex of the basal forebrain. Various genetic, age-
related and environmental factors are generally accepted to be related to
the initiation and progression of AD, although the causes of AD remain
unknown. Chronic exposure to oxidative imbalance and degenerative
processes modulate the magnitude and severity of AD [1].

Considering the roles of oxidative stress, misfolded proteins and

inflammation in AD progression [2-4], the mechanism by which nuclear
factor erythroid 2-related factor 2 (Nrf2) is downregulated in the AD
brain and the effects of boosting its expression are important areas of
investigation. Nrf2 is a transcription factor that regulates various sets of
adaptive responses to endogenous and exogenous stresses, neutralizing
reactive oxygen species (ROS) and restoring cellular redox balance [5].
Under physiological conditions, the activity of Nrf2 is restricted by the
binding of Kelchlike ECH-associating protein 1 (Keap1) in the cytoplasm
[6] and is ubiquitinated and degraded by the ubiquitin-proteasome
system [7]. Upon oxidative status, Nrf2 is not bound to Keapl and un-
dergoes nuclear translocation. Nrf2 then binds to small Maf proteins,
resulting in the binding of Nrf2 to antioxidant responsive elements
(AREs) within the promoter regions of a series of genes encoding anti-
oxidant enzymes and cellular defence targets [8,9]. However, the
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protein expression of nuclear Nrf2 is reduced in the hippocampus and
frontal cortex of the AD postmortem brain [10]. Downregulation of Nrf2
signalling has also been observed in the brain of an AD mouse model
[11]. Kanninen and colleagues reported that lentiviral vector-mediated
Nrf2 elevation in the APP/PS1 mouse brain improved spatial learning
[12]. We previously observed that the upregulation of Nrf2 caused by
antioxidant treatment enhanced thioredoxin-1 (TrX) activity, inhibited
NLRP3 inflammasome formation and ameliorated neuronal apoptosis in
the APP/PS1 mouse brain [13]. However, the precise molecular ma-
chineries that govern the Nrf2 decline in AD development remain
unclear.

The inhibitor of apoptosis-stimulating protein of p53 (iASPP), a
member of the ASPP family, has attracted much attention because of its
effects on p53 apoptotic regulation. The ASPP family comprises three
members, namely, ASPP1, ASPP2 and iASPP. ASPP1 and ASPP2 are
activators of p53 that bind with p53 to enhance p53-induced apoptosis
of DNA-damaged cells [14,15]. In contrast, iASPP interacts with p53 to
inhibit the ability of p53 to transactivate proapoptotic target genes [15,
16]. Several studies have shown that enhanced expression of iASPP is
related to cancers [17-19]. iASPP protein expression was reported to be
remarkably reduced in a mouse model of focal cerebral ischaemia [20].
Liu and colleagues observed that iASPP is required for retinal ganglion
cell survival after axonal damage [21]. Upregulating iASPP protein
levels has been shown to protect the brain from ischaemia/reperfusion
brain injury [22], whereas iASPP inhibition deteriorated oxidative stress
damage in the neuronal cell line neuro-2a (N2a) in vitro [23]. Interest-
ingly, Ge and colleagues reported that iASPP promoted Nrf2 accumu-
lation and nuclear translocation by competing with Nrf2 for Keapl in
renal cell carcinoma [24]. Furthermore, iASPP-mediated decreases in
ROS in renal cell carcinoma and bladder cancer cells were Nrf2
signalling-dependent [24]. However, the role of iASPP in AD is not well
elucidated.

Syringin,  4-[(1E)-3-hydroxyprop-1-en-1-yl]-2,6-dimethoxyphenyl
B-p-glucopyranoside], also known as eleutheroside B, the main active
ingredient extracted from the rhizome and root of Eleutherococcus
senticosus, has attracted attention because of its pharmacologic effects.
Eleutherococcus senticosus has a long history of being widely used as a
medicinal herb in Chinese medicine. The Chinese Pharmacopoeia
(Pharmacopoeia, 2015) reports that senticosus was traditionally applied
to treat kidney deficiency. Eleutheroside B possesses antioxidant activ-
ities [25]. Intravenous injection of syringin has been shown to lead to a
decrease in plasma glucose levels in streptozotocin-induced diabetic rats
[26]. Meanwhile, syringin treatment was also shown to attenuate insulin
resistance caused by a high-fat diet in mice [27]. Syringin exhibited
hepatoprotective effects in a mouse model of hepatic failure [28]. Liu
and colleagues observed that syringin treatment prevented bone loss in
ovariectomized mice [29]. Eleutheroside B or E improved learning and
memory in a rat model of aging induced by quinolinic acid hippocampal
injection [30]. Finally, syringin treatment reduced Af (25-35)-induced
apoptosis in vitro [31]. However, to date, there is no comprehensive
description about the effects of syringin on AD in vivo.

In the present study, we investigated the effects of syringin on the
neuropathology of APP/PS1 double transgenic AD mice and identified
its mechanism of action. The downregulation of iASPP in the APP/PS1
mouse brain was accompanied by decreases in nuclear Nrf2 levels.
Syringin-induced increases in iASPP protein expression alleviated
oxidative stress and mitigated synaptic deficiency in the APP/PS1 mouse
brain. We show for the first time that iASPP impairment might be
involved in the redox imbalance and cellular apoptosis in amyloid-
related pathology. Our findings demonstrate the multitarget neuro-
protective effects of syringin and suggest that syringin might be a po-
tential therapeutic agent for AD treatment.
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2. Materials and methods
2.1. Object and treatments

2.1.1. Animals and treatments

The APP/PS1 (B6C3-Tg [APPswe, PSEN1dE9] 85Dbo/Mmjax) dou-
ble transgenic mice used as the AD animal model in the present study
were obtained from Jackson Laboratory (West Grove, PA). Age-matched
C57BL/6 mice provided by Jackson Laboratory were used as the wild-
type (WT) controls. Four-month-old male APP/PS1 mice and age-
matched WT mice were randomly divided into three groups: the con-
trol group treated with vehicle (150 pL), composed of 5% ethanol, 15%
polyethylene glycol (PEG400) and 15% 1,2-propanediol in deionized
water, and the syringin-administered groups treated with vehicle and
syringin at doses of 20 and 60 mg/kg body weight. The mice were
treated with vehicle or syringin by oral gavage once a day for five
months. The body weight and general behaviour of the mice were
monitored daily. Twenty-four hours after the last syringin or vehicle
administration, mice were analysed using cognition-related behavioural
tests. Our study was performed in accordance with the recommenda-
tions of “Laboratory Animals-Guideline of Welfare and Ethics, the Ethics
Committee for Medical Laboratory Animals of China Medical Univer-
sity”. The protocol was approved by the Ethics Committee for Medical
Laboratory Animals of China Medical University (CMU2020003).

2.1.2. Cell culture and drug treatment

N2a cells or N2a cells overexpressing human Swedish mutant APP
(APPswe) were grown in DMEM containing 10% FBS, 100 U/mL peni-
cillin, 100 pg/mL streptomycin in a fully humidified, 5% CO, incubator
at 37 °C. APPswe cells were with addition of G418 (200 pg/mL). Once
the cells grew to 80% confluence, they were exposed to fresh serum-free
medium. The cells were then treated with HyO5, syringin, small inter-
fering RNA (siRNA) targeting iASPP or Nrf2 using Lipofectamine 2000,
or the Nrf2 inhibitor, trigonelline, as indicated. Culture cells treated
with vehicle were used as controls.

2.2. Behavioural testing

A novel object recognition test (NORT) was carried out as previously
described [32] to investigate the recognition memory of the APP/PS1
mice and age-matched WT mice. During the first two days, the mice
were placed into the arena and allowed to habituate to the room for 10
min, twice per day. On the third day, two plastic blocks of identical
volume were placed into the room. The blocks were sufficiently heavy
and tall that the mice were unable to move or climb over them. The
mouse was exposed to the two objects for 5 min. After that, the mouse
was allowed to explore each of the two objects for 5 min to test
short-term memory. The mice were given 5 min to test each of the two
objects. During the 5-min intervals, one of the objects was replaced by a
novel plastic cylinder. Then, the mouse was placed back into the room
centre. The object exploration behaviour of the mouse was monitored
and recorded by a digital pickup camera suspended above the arena. For
long-term memory evaluation, the types of objects were altered, and the
retention intervals were changed to 24 h. The acts of mouse directing the
nose to within 2 cm from the object or touching the object using the nose
and/or forepaws were defined as exploration behaviour. The discrimi-
nation index is the percentage of time spent exploring the novel object
relative to the total time spent in both objects.

Morris water maze (MWM) tests were used to evaluate the recogni-
tion memory and spatial learning ability of the mice as previously
described [33]. After two days of training on the location of the visible
platform, the mice underwent a five-day navigation test to find the
platform submerged 1 cm below the surface of the water. Every day, the
mouse was subjected to three tests, and each test lasted a maximum of 1
min with a 1-min intertrial interval. The escape latency and the length of
the path to the platform at each trial were acquired using a video
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tracking system suspended above the tank. On the eighth day, the
platform was removed. A probe trial was given to each mouse to
determine its search bias. The mouse was allowed to swim in the tank for
60 s. The number of times the mouse crossed the place in which the
platform had previously been located was recorded.

2.3. Electrophysiological recordings

After the behavioural tests, the mice were intraperitoneally anaes-
thetized with sodium pentobarbital (50 mg/kg). Blood samples of the
mice were collected by their eyes, and the mice were sacrificed by im-
mediate removal of the brain.

Hippocampal slices (400 pm) were kept in an interface chamber and
perfused with oxygenated artificial cerebrospinal fluid [34]. To evoke
the action of Shaffer-collateral and commissural fibres, bipolar tungsten
stimulating electrodes were collated in the CAl stratum radiatum.
Extracellular field excitatory postsynaptic potentials (fEPSPs) were
recorded with a glass microelectrode positioned in the vicinity of CAl
pyramidal neurons. Input/output curves were built via the variation of
the stimulus current in steps of 50 pA (100-350 pA). Baseline fEPSPs
were inducted with 2 0.1-ms pulses per minute at a pulse intensity
adjusted to illicit fEPSPs at approximately 30%-50% of maximum.
Paired pulse facilitation was examined to assess presynaptic function.
Long-term potentiation (LTP) was elicited by high-frequency stimula-
tion (HFS) by applying 4 x 150-Hz stimulus trains with 1-s pulses at
5-min intervals once stable basal EPSP responses had been recorded for
30 min. LTP is presented as the percentage of the average fEPSP slope.

2.4. Immunostaining

Serial 6-pm-thick coronal sections of frozen mouse brain were pre-
pared. To assess the AD-like morphological alterations of the mouse
brain, the sections were incubated with a mouse anti-Af antibody at 4 °C
overnight after treatment with 3% normal donkey serum for 30 min.
After the tissue underwent several washes, the specimens were co-
incubated with Alexa Fluor 488-conjugated AffiniPure donkey anti-
mouse IgG for 2 h at room temperature. To evaluate the distribution
and expression of iASPP, we treated the brain slices with rabbit anti-
iASPP antibody. Cy3-conjugated AffiniPure donkey anti-rabbit IgG
was served as the secondary antibody. Rabbit anti-Nrf2 antibody was
used to probe the protein expression of Nrf2 by immunohistochemistry.
The brain sections were incubated with biotinylated goat anti-rabbit
IgG, followed by amplification with streptavidin peroxidase. After
treated with 0.025% 3,3-diaminobenzidine plus 0.0033% H0,, the
slices were covered with neutral balsam. The immunoreactivities of
fluorescence labelling or immunohistochemistry staining were respec-
tively examined by confocal laser-scanning microscope and light
microscope.

2.5. Nissl staining

Frozen slices from mouse brains were treated with 0.1% cresyl violet
at 37 °C for 20 min. After thorough rinsing, the stained sections were
dehydrated with a graded series of ethanol solutions. Following clearing
with xylene, the slices were mounted with neutral balsam and examined
with a microscope. The neuronal cells with round and pale nuclear
staining were considered surviving cells. Six brain slices per mouse were
selected and subjected to quantification.

2.6. Apoptosis analysis

After perfusion with precooling saline, the mice were sacrificed.
Hippocampal tissues of the mice were harvested and then minced with
scissors. The fragments were lysed in 30 mg/mL papain for 30 min
followed by 21% deoxyribonuclease I at 37 °C for 30 min [35,36]. After
filtered through a 70-um of mesh screen, the samples were washed with
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physiological saline (PBS) and then resuspended with separating buffer
(20% Percoll in Hanks’ balanced salt solution). The cells were collected
by centrifugation at 400g for 10 min (room temperature). After rinsing
with ice-cold buffer containing 10 mM HEPES, 140 mM NaCl, and 2.5
mM CaCl, (pH 7.4), the samples were then treated with binding buffer
containing 5 pL of Annexin V-fluorescein isothiocyanate (FITC) plus 5 pL
of propidium iodide (PI) for 15 min at 22 °C away from light. The
apoptosis was determined using the FITC (FL1) fluorescence signal
detectors.

2.7. Assessment of oxidative-redox status

2.7.1. Analysis of the reduced glutathione (GSH) to oxidative glutathione
(GSSG) ratio

To assess the oxidative-redox status in the mouse brain, the levels of
GSH and GSSG were measured as previously described [37]. Briefly, the
brain tissues were homogenized using a 1:10 dilution of ice-cold PBS
(pH 7.0) supplemented with a protease inhibitor cocktail. After centri-
fugation, the supernatant was collected. The levels of GSH and GSSG
were measured with a GSH/GSSG detection kit per the manufacturer’s
instructions. The GSH/GSSG ratio was quantified.

2.7.2. Determination of glutathione peroxidase (GPX) and glutathione
reductase (GR) activity

The activities of GPX and GR were analysed by colorimetric and
ultraviolet colorimetric methods according to the manufacturer’s pro-
tocol using GPX and GR assay kits. The absorbances were recorded at
412 nm and 340 nm, respectively.

2.7.3. ROS measurement

ROS contents in the brain tissue were measured as previously
described [33]. Briefly, specimens were lysed with precooling lysis
buffer (pH 7.4) containing 10 mM Tris-HCI, 100 mM sucrose, and 10 mM
EDTA. After centrifugation, the samples were suspended in PBS and
adjusted to a density of 2 x 10° cells/mL. Cells were incubated with
HEPES-Tris buffer (pH 7.4) composed of 1 pyM CM-H2DCFDA, 10 mM
HEPES, 132 mM NaCl, 4.2 mM KCl, 1 mM CaCl; and 1 mM MgCl,, away
from light for 30 min. After several rinses, the specimens were collected
by centrifugation and incubated in HEPES-Tris buffer for 10 min.
Following lysis in lysis medium (1% Nonidet P-40, 150 mM NaCl and 50
mM Tris, pH 8.0), the samples were collected and diluted with deionized
water. The fluorescence signals of the specimens were measured with a
spectrometer at 490 nm using a VersaFluor Fluorometer System. In vivo
evaluation of total superoxide levels [38] in the mouse brains were
determined using dihydroethidium (DHE) stains as previously described
with modification [39]. Briefly, 24 h after behavioural testing, the mice
were given DHE (20 mg/kg) by two serial intraperitoneal injections at 1
h-intervals for 2 h. After the last injection, brains tissue were collected
for subsequent immunostaining.

2.7.4. Mitochondrial superoxide detection

Fresh brain tissues from the mice were homogenized with ice-cold
lysis buffer (10 mM Tris-HCI, 100 mM sucrose, 10 mM EDTA; pH 7.4).
The cells were collected and incubated with 5 pM MitoSOX Red mito-
chondrial superoxide indicator according to the manufacturer’s protocol
for 10 min at 37 °C, protected from light. Then, the samples were gently
washed three times with warm PBS buffer. The MitoSOX Red reagent
oxidized by superoxide exhibits red fluorescence, the levels of which
were measured by flow cytometric analyses.

2.8. Sandwich ELISA

8-Isoprostane, a marker of oxidative stress present in the blood, was
evaluated. Briefly, blood was collected in a vacutainer containing 2.5%
sodium citrate and subjected to alkaline hydrolysis. The samples were
first incubated with 15% KOH at 4 °C for 60 min. The samples were then
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neutralized by the addition of 10 times the volume of potassium phos-
phate buffer (pH 7.4). Ethanol was added to the mixtures to precipitate
the protein. The supernatants were collected and evaporated by vacuum
centrifugation, and the samples were resuspended in 1 M acetate buffer
(pH 4.0). Total plasma 8-isoprostane was assayed using an EIA-based kit
(Cayman Chemical, USA) according to the manufacturer’s protocol.

Soluble human Ap1-40 and AB1-42 levels were analysed as previ-
ously described [40]. The brain tissues from APP/PS1 mouse brains
were homogenized in ice-cold 20 mM Tris (pH 8.5) with the addition of
the protease inhibitor cocktail. After centrifugation, the supernatant was
collected for the Ap assays. To assess the Af secretion of APPswe cells in
vitro, the culture medium of cells given the indicated treatment was
collected. The AB1-40 and AP1-42 levels were assayed with appropriate
AP ELISA kits (Invitrogen) in accordance with the manufacturer’s pro-
tocol. The absorbance of the samples was determined at 450 nm with a
96-well plate reader.

2.9. Western blot analysis

Cells or brain tissue samples were lysed in RIPA buffer (pH 8.0)
containing a protein protease inhibitor cocktail. The protein levels were
determined using a BCA protein assay kit. Thirty micrograms of protein
were separated with 10% sodium dodecyl sulfate polyacrylamide gels.
After incubated with primary antibodies, the immunoblots were thor-
oughly washed with TBST, and were treated in appropriate species of
HRP-conjugated secondary antibodies. The immune complex was visu-
alized using an enhanced chemiluminescence (ECL) kit.

2.10. Co-immunoprecipitation assays

To assess the endogenous interaction between iASPP and Keapl, we
collected protein (1 pg) from mouse brain tissues and cell lysates. The
specimens were pre-cleaned using protein G-Sepharose as previously
described [24]. The mixtures were treated with an antibody against
iASPP at 4 °C overnight. Inmune complexes were collected and thor-
oughly washed using immunoprecipitation lysis buffer with the addition
of a protease inhibitor cocktail. The precipitates were collected, boiled
for 5 min and analysed by Western blot analyses with anti-p53 or
anti-Keap1 antibodies.

2.11. Flow cytometry

Furthermore, to assess the cell cycle, we performed propidium iodide
uptake analyses. After the indicated treatments, the cultured cells were
collected and treated with RNase. The cultured cells were then incu-
bated in precooled PI (1 mg/mL) away from light for 30 min at 4 °C. The
stained cells were quantified by flow cytometry with gating of the cell
population of interest according to the forward- and side-scatter fea-
tures. The vertical and horizontal lines were devised on the basis of the
autofluorescence of untreated cells. For apoptosis detection, the cells
were prepared by trypsinization from the tissue of mouse brains. The
cells were harvested by centrifugation and resuspended in PBS. Then,
the cells from tissues or cultured cells were treated with ice-cold 75%
ethanol for 1 h. The cells in early and late apoptosis were assessed using
the Annexin V- FITC/PI kit. The cells were incubated with binding buffer
(5 pL Annexin V-FITC and 5 pL PI) at room temperature for 15 min,
protected from light, and analysed by FITC (FL1) and PI (FL2) signal
detectors.

2.12. Cell fraction and DNA-binding activity analyses

The cytoplasm and nuclei of the cells were separated with a nuclear
extract kit as previously described with minor modifications [41].
Briefly, the cells were homogenized in precooled lysis buffer. After
centrifugation, the supernatant was obtained as the cytosolic fraction.
The pellets were washed with lysis buffer supplemented with 40 pL of
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10% Nonidet (NP-40) and underwent homogenization again. The pre-
cipitates were resuspended in the precooled nuclear fraction buffer.
After centrifugation at 14,000 g for 5 min at 4 °C, the resultant super-
natant containing nuclear proteins was obtained. The DNA-binding ac-
tivities of Nrf2 and p53 in the nuclear extracts were measured with the
TransAM Nrf2 and TransAM p53 Kits, respectively. The absorbance was
quantified at 450 nm.

2.13. Real-time PCR

Total RNA was extracted from cerebral cortex tissue or cultured cells
using an RNA isolation kit in accordance with the manufacturer’s in-
structions. A total of 2 pg of RNA was used for reverse transcription with
the Prime Script RT Reagent Kit. The cDNA synthesis conditions were 37
°C for 15 min and then 85 °C for 5 s. Quantitative real-time PCR was
performed as previously described [33] in the 7300 Sequence Detection
System using the SYBR Green PCR Master mix. At least three indepen-
dent assays of each cDNA sample were conducted. The primers and
probes used in PCR are listed in Supplementary Table 1. The expression
levels were expressed as the ratio of threshold cycle (Ct) values to
B-actin. The relative differences between the treatment group and con-
trol group were represented as a percentage compared to control.

2.14. Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation assays were performed as previ-
ously described [42]. Briefly, the brain tissue of the mice that underwent
fixation with 4% paraformaldehyde was neutralized with 0.125 M
glycine at 4 °C for 10 min. The specimens were washed using PBS and
homogenized in lysis buffer (0.1% SDS, 0.5% Triton X-100, 20-mM
Tris-HCl, 150-mM NaCl, pH 8.1) plus a protease inhibitor complex.
Nuclear protein was collected by centrifugation, and one-third of it was
kept as the input genomic DNA control. The remaining nuclear proteins
were treated with antibodies against p53 or nonimmune IgG (negative
control) for 18 h at 4 °C. Then, the protein-DNA complexes were
captured by protein A-agarose beads. After thorough rinses, the pellets
were treated with elution buffer (pH 8.0). The beads were collected by
centrifugation and treated with 5-M NaCl to reverse formaldehyde
cross-links. The samples were heated at 65 °C for 12 h. Protein-DNA
complexes were then deproteinated using 20 mg/mL proteinase K at
45 °C for 1 h. After purification, the DNA was used for amplification.
Real-time PCR was performed with the primers for the p53-dependent
genes, Bax and p53 upregulated modulator of apoptosis (PUMA).

2.15. Statistical analysis

Data are expressed as the means + standard error of the mean (S.E.
M.). Repeated measures analysis of variance (ANOVA), one-way or two-
way ANOVA was applied to evaluate the statistical significance. The
genotype x treatment interactions, together with the main effect of
genotype and treatment, were assayed. For all cases, p < 0.05 was
considered significant.

3. Results
3.1. Syringin treatment mitigates the cognitive deficits of APP/PS1 mice

To assess whether syringin administration modulates cognition in
APP/PS1 mice, we investigated the performance of mice in behavioural
tasks reflecting learning and memory function. In the NORT, mice in
both genotypes exhibited comparable exploration time and distance for
the objects during initial environment habituation (ps > 0.05, Fig. 1A and
B). The mice exhibited similar entries in the zone centre and edge of the
open field (Fig. 1D and E). However, APP/PS1 mice exhibited poorer
preferences for novelty in the short-term memory test phase (STM, 5-
min retention interval) than age-matched WT mice (F(1,38) = 37.810,
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Fig. 1. Syringin treatment alleviates the cognitive impairment of APP/PS1 mice. Syringin (Syr) at dosages of 20 mg/kg or 60 mg/kg body weight was given by
oral gavage to APP/PS1 transgenic (Tg) or age-matched wild-type (WT) C57BL/6 mice (starting from 4 months old) for 5 months. Mice treated with vehicle were used
as the control group (Con). (A-B) A novel object recognition (NOR) test was performed to analyse the recognition memory of the mice. Short-term memory (STM) (5-
min retention interval) and long-term memory (LTM) (24-h retention interval) analyses were presented. The mice exhibited comparable total exploration time and
distance. (C) The discrimination index (calculated as the percentage of time spent exploring the new object/total exploration time) of Tg mice was significantly less
than WT mice. Syr treatment ameliorates the discrimination index versus vehicle-treated group in the APP/PS1mice (***p < 0.001 relative to the WT group; *##p <
0.001 relative to the vehicle group). Representative traces showing the exploration to the familiar (red circle) and the novel (green circle) object in the STM (D) and
LTM (E) trial. Green dot indicates the location of the mouse when the test started, and the red dot represents the location of the animal when the test ended. (F) The
Morris water maze (MWM) test was performed to assess the long-term and spatial memory of the mice. No significant differences in the escape latency were observed
among the groups in the 2 days of the visible platform trial. During the following navigation test in which the mice searched for the hidden platform, Tg mice showed
a longer escape latency than WT mice on the 5th, 6th and 7th day (**p < 0.01, WT versus Tg mice; **p < 0.01, Syr-treated Tg mice versus vehicle-treated Tg group).
(G) Representative path graph showing the mice performance in hidden platform trial on the 7th day. (H) Quantification of probe trials on the 8th day (no platform)
in the MWM test showed the number of times that the mice crossed through the location in which the platform had been previously placed. Tg mice exhibited fewer
passing times than the WT mice. Syr treatment increased the number of times that the Tg mice passed across the location (***p < 0.001 relative to the WT group; *#p
< 0.01 relative to the vehicle group). (I) Representative path graph recording the performance of the mice in the probe trials (without platform) of the MWM test.
Blue dot represents the location of the animal when the test started, and the red dot indicates the location of the mouse when the test ended. All data are presented as
the mean + S.E.M. Repeated measures ANOVA with post hoc Fisher’s PLSD tests were applied to estimate the statistical significance. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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p < 0.001, Fig. 1C and D). In the long-term memory test phase (LTM, 24 that their capacity to remember the familiar object were improved under

h retention interval), the exploration time of APP/PS1 mice on the un- syringin administration. No significant alteration of discrimination
familiar object was less than that of WT mice (F(1,38) = 35.210, p < index was observed between syringin- and vehicle-treated WT mice in
0.001, Fig. 1C,E). In contrast, syringin-treated APP/PS1 mice exhibited STM (F(2,17) = 0.370, p * 0.05) and LTM (F(2,21) = 0.881, p > 0.05)
significantly longer novel object exploration time than vehicle-treated memory test phase. No genotype x syringin treatment interactions were
APP/PS1 mice in both STM (F(2,17) = 20.618, p < 0.001, Fig. 1C-E) observed in the NORT analyses (ps > 0.05).

and LTM (F(2,21) = 16.581, p < 0.001, Fig. 1C-E) test phase, suggesting Spatial learning and memory of the mice were evaluated using the
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MWM test. During training with the visible platform, both genotypes of
mice exhibited similar escape distances and latencies (ps > 0.05, Fig. 1F).
All mice could swim in a coordinated way, and neither significant
motivational nor significant motor defects were observed. In the hidden
platform tests, the APP/PS1 mice presented impaired learning by longer
escape distances and latencies relative to age-matched WT mice (ps <
0.01, Fig. 1F and G), and this deficit was alleviated by syringin admin-
istration (ps < 0.01, Fig. 1F and G). In the water maze probe trial, the
APP/PS1 mice passed across the place where the original platform was
located significantly fewer times than WT mice (F(1,39) = 32.253, p <
0.001, Fig. 1H and I). APP/PS1 mice in the syringin treatment group
exhibited better memory retention than vehicle-treated APP/PS1 mice.
The syringin-administered APP/PS1 mice crossed the original platform
location more times than vehicle-treated APP/PS1 mice (F(2,24) =
7.950, p < 0.01, Fig. 1H and I). No genotype x syringin interaction was
observed in the escape latency or probe trial (ps > 0.05). Syringin
intervention on WT mice did not significantly affect their escape latency,
although there was a trend towards a decrease (ps > 0.05, Fig. 1F and G),
or the times of mice passing the platform location in the probe trial (F
(2,15) = 0.103, p = 0.902, Fig. 1H and I).

3.2. Syringin treatment prevents the impairment of hippocampal synaptic
plasticity in the brains of APP/PS1 mice

We examined hippocampal synaptic plasticity in APP/PS1 and age-
matched WT mice. Acute hippocampal slices were prepared, and LTP
in the CA1 region elicited by the stimulation of Schaffer collaterals was
recorded. LTP deficits were observed in the APP/PS1 mice. As shown in
Fig. 2A, there were significant differences in the basal synaptic trans-
mission between APP/PS1 mice and age-matched WT mice (ps < 0.01).
The calculation of the paired pulse ratio showed that the strength of
presynaptic inputs in the hippocampus of APP/PS1 mice was weaker
than that of the WT mice (ps < 0.01, Fig. 2B). Syringin treatment caused
significant increases in the presynaptic release properties in the APP/
PS1 mice (ps < 0.01, Fig. 2B). We calculated the minimum and
maximum fEPSP slope at 100 pA and 350 pA, respectively. The mini-
mum (F(1,39) = 17.684, p < 0.001, Fig. 2C) and maximum (F(1,39) =
23.617, p < 0.001, Fig. 2C) output in APP/PS1 mice were reduced
compared with those of the WT group. However, syringin treatment led
to an increase of APP/PS1 group in the minimum (F(2,24) = 37.607,p <
0.001) and maximum (F(2,24) = 68.472, p < 0.001) output relative to
vehicle-administrated APP/PS1 mice (Fig. 2C). No statistical differences
of minimum (F(2,15) = 0.172, p~ 0.05) and maximum (F(2,15) = 1.762,
p > 0.05) output were observed between Syr-with vehicle-treated WT
group. No genotype x syringin interaction was observed in the basal
synaptic transmission (ps > 0.05). In comparison with the typical LTP
response induced by high-frequency stimulation in the hippocampus of
WT mice, impaired LTP was observed in the APP/PS1 mouse brain. As
shown in Fig. 2D and E, the degree of LTP in the APP/PS1 mice was
prominently lower than that in the WT group. The LTP magnitude was
significantly increased with syringin administration in the APP/PS1
mice relative to the magnitude in their vehicle-matched controls (ps <
0.01, Fig. 2D). No significant changes of hippocampal LTP magnitude
were observed between Syr-with vehicle-treated WT group (p > 0.05,
Fig. 2D). Synaptic protein levels were assayed by Western blot analyses.
As shown in Fig. 2F, the protein expression of PSD-95, a postsynaptic
density protein, were reduced in the hippocampus of APP/PS1 mice
compared with those in the age-matched WT group (F(1,30) = 134.341,
p < 0.001, Fig. 2F). The protein levels of synaptophysin (SYN), a specific
marker for a presynaptic vesicle protein, exhibited a decrease in the
APP/PS1 mouse brain in comparison with those in the WT controls (F
(1,30) = 46.833, p < 0.001, Fig. 2F). Syringin administration mitigated
the decreases in SYN (F(2,15) = 12.495, p < 0.01, Fig. 2F) and PSD-95 (F
(2,15) = 14.533, p < 0.001, Fig. 2F) in the APP/PS1 mice. Meanwhile,
syringin treatment caused significant increases in the protein expression
of synaptic vesicles-related protein, synapsin-1, in both APP/PS1 (F
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(2,15) = 84.563, p < 0.001, Fig. 2F) and WT (F(2,15) = 3.871, p < 0.05,
Fig. 2F) mice. No significant differences in the protein expression of SYN
(F(2,15) = 0.497, p * 0.05, Fig. 2F) and PSD-95 (F(2,15) = 2.886, p *
0.05, Fig. 2F) were observed between the syringin- and vehicle-treated
WT mice, although there was a trend towards an increase. Morpholog-
ical assays of dendrites and spines showed dystrophy of neurites and
decreases in dendrite areas (F(1,42) = 87.795, p < 0.001, Fig. 2G), spine
areas (F(1,42) = 88.441, p < 0.001, Fig. 2G) and spine density (F(1,42)
= 19.932, p < 0.05, Fig. 2G) in the APP/PS1 mouse brains compared
with those in the WT group. In contrast, syringin treatment alleviated
the loss of dendrite areas (F(2,21) = 9.911, p < 0.01), spine areas (F
(2,21) = 11.297, p < 0.001) and spine density (F(2,21) = 14.209, p <
0.001) relative to vehicle treatment controls in the APP/PS1 mouse
brains (Fig. 2G). No between-group alterations were detected in the
dendrite areas (F(2,21) = 0.893, p > 0.05), spine areas (F(2,21) = 0.361,
p~ 0.05) or density (F(2,21) = 0.453, p > 0.05) between the syringin- and
vehicle-treated groups in the WT mouse brains (Fig. 2G). No genotype x
syringin interaction was observed in the effects on the synaptic protein
levels (ps > 0.05, Fig. 2G).

3.3. Syringin administration alleviates the AD-like pathology and exhibits
neuroprotective function in the brains of APP/PS1 mice

To evaluate the effects of Syringin on Ap deposition in the APP/PS1
mice brains, Ap levels were assayed. Human Af ELISA analysis revealed
that soluble Ap1-42 levels were significantly lower in the syringin-
treated APP/PS1 mouse brains than those in the vehicle-treated group
(F(2,21) = 61.772, p < 0.001, Fig. 3A). Syringin had similar effects on
soluble AB1-40 contents (F(2,21) = 8.862, p < 0.01, Fig. 3A). The ratio
of soluble Ap42 to AB40 were significantly reduced (F(2,21) = 3.593, p
< 0.05, Fig. 3A) in the syringin-treated APP/PS1 mouse brains relative
to vehicle controls. So as the effects of syringin management on the
insoluble Ap1-40 (F(2,21) = 5.603, p < 0.05) and insoluble Ap1-42 (F
(2,21) =57.323, p < 0.001) contents, and the insoluble Ap42/Ap40 ratio
(F(2,21) = 3.943, p < 0.05, Fig. 3A) relative to the vehicle controls. To
evaluate the effects of syringin on Ap distribution and deposition in the
brains of APP/PS1 mice, Af plaque was analysed by immunofluores-
cence labelling with the anti-pan-Ap antibody. As shown in Fig. 3B,
syringin-treated APP/PS1 mice exhibited significantly less amyloid
deposition in the cortex and hippocampus than vehicle-treated APP/PS1
mice. We performed morphometry quantification of the Ap plaque based
on the diameter. Compared with the vehicle-treated APP/PS1 mice, the
syringin-treated APP/PS1 mice exhibited fewer AP plaques with di-
ameters greater than 50 pm in the cortex (F(2,21) = 90.084, p < 0.001,
Fig. 3B) and hippocampus (F(2,21) = 49.097, p < 0.001, Fig. 3B).
Furthermore, the numbers of Ap plaques with dimeters at 25-50 pm of
the Syr-treated mice were reduced in the cortex (F(2,21) = 18.413,p <
0.001, Fig. 3B) and hippocampus (F(2,21) = 17.271, p < 0.001, Fig. 3B)
relative to those in the vehicle controls, respectively. There were no
statistical differences in the numbers of small A plaques (<25 pm) in
the cortex (F(2,21) = 2.372, p* 0.05, Fig. 3B) and hippocampus (F(2,21)
= 3.476, p = 0.05, Fig. 3B) among these three groups. Nissl stains were
performed to assess the neuroprotective functions of syringin on the
mouse brain. As shown in Fig. 3C, compared with syringin-treated APP/
PS1 mice, vehicle-treated APP/PS1 mice exhibited significant nuclear
breakdown and less intact Nissl substance in the hippocampus. Surviv-
ing neuronal cells in syringin-administrated group were increased than
those of the vehicle controls in the CA1 (F(2,21) = 48.124, p < 0.001)
and CA3 regions (F(2,21) = 62.274, p < 0.001). No difference was
observed in the hippocampal Nissl staining between the different doses
of syringin treatment (ps > 0.05, Fig. 3C). We estimated the effects of
syringin on the cells apoptosis from the hippocampus using the Annexin
V-FITC/PI staining by flow cytometry. As shown in Fig. 3D, the popu-
lation of apoptotic cells from the hippocampus of syringin-administrated
mice was significantly reduced with respect to that from the vehicle-
treated APP/PS1 group. We then estimated the possible effects of
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Fig. 2. Syringin administration ameliorates the hippocampal synaptic plasticity in the APP/PS1 mice. Brain tissues were collected from APP/PS1 transgenic
(Tg) and age-matched wild-type (WT) C57BL/6 mice given syringin (Syr, 20 mg/kg or 60 mg/kg body weight) or vehicle (Con) by oral gavage. (A) Basal synaptic
transmission was estimated using acute brain slices containing the hippocampus. Input/output curves were calculated according to the field excitatory postsynaptic
potentials (fEPSPs) in the CA1 stratum radiatum. (B) Paired pulse ratio was recorded to assess the presynaptic function (**p < 0.01, Tg versus WT group; **p < 0.01
Syr-treated Tg versus vehicle-treated Tg group). (C) Comparative analysis of the minimum (100 pA) and maximum (350 pA) output. (D) Shown are the time course of
long-term potentiation (LTP) in Tg and WT CA1 pyramidal neurons after high-frequency stimuli (HFS). Top panels showing the sample traces before (light traces) and
after (heavy traces) the HFS. Calibration bar: 1 mV/10 ms. (E) Comparison of the LTP magnitude between WT and Tg mice; replotted from (D). (F) Representative
immunoblot images showing the protein expression of postsynaptic density 95 (PSD-95, postsynaptic components), synaptophysin (SYN, presynaptic components)
and synapsin 1 (related to synaptic vesicles) in the hippocampus of the mouse brains (***p < 0.001 relative to the WT group; #p < 0.05, ##p < 0.01, ###p < 0.001
relative to the vehicle group). (G) The morphology of dendrites and spines (red) in the cortex of the mouse brains was displayed by immunostaining using an
antibody against unphosphorylated neurofilament heavy chain (SMI-32). The nuclei (blue) were labelled with 4’,6-diamidino-2-phenylindole (DAPI). Asterisks
indicate the losses of dendrites and spines in the APP/PS1 mice. Scale bars: 100 pm. Quantification showing the density and areas of the spines and the total dendrite
areas (*p < 0.05, ***p < 0.001 relative to the WT group; ##p < 0.01, ###p < 0.001 relative to the vehicle group). Two-way ANOVA with post hoc Fisher’s PLSD tests
were applied to assess the statistical significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Syringin management reduces Af accumulation and neuronal apoptosis in the brains of APP/PS1 mice. AD-related pathology in the mouse brains of
APP/PS1 transgenic with syringin (Syr, 20 mg/kg or 60 mg/kg body weight) or vehicle treatment (Con) were detected. (A) Soluble and insoluble human Ap1-42 and
human AB1-40 levels were determined by ELISA. Quantification showing the ratio of Ap1-42 to Ap1-40. (B) Representative images of immunofluorescence staining
with anti-Ap antibody showing Af deposition (green) in the APP/PS1 mouse brain. DAPI was used to label nuclei (blue). High-magnification images of the cortex and
hippocampus (Hippo) were depicted in the right panels. Scale bars: 200 pm. Relative percentages of Ap plaques with various diameters were quantified. (C) Cresyl
violet stains showing the Nissl body in the neuronal cells of the hippocampal CA1 and CA3 regions. Scale bars: 50 pm. The numbers of Nissl body indicate the
surviving neurons. (D) Apoptosis levels of neuronal cells from the mouse brains were measured using Annexin V-FITC/PI staining by flow cytometry. (E) Repre-
sentative Western blot images showing the protein expression of a disintegrin and metalloproteinase 10 (ADAM10), -secretase 1 (BACE1) and y-secretase, presenilin
1 (PS1), Nicastrin, APH-1 and Pen 2. (F) The f- and y-secretase activities are shown. One-way ANOVA with post hoc Fisher’s PLSD tests were adopted to estimate the
statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001 relative to the vehicle-treated controls). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

syringin on cerebral amyloidosis attributed to the reduction in Af
deposition in the syringin-treated APP/PS1 mouse brain. Western blot
analyses were performed to detect the protein expressions of a dis-
integrin and metalloproteinase 10 (ADAM10), fB-secretase 1 (BACE1)
and y-secretases (PS1, Nicastrin, APH-1 and Pen2). No between-group
difference was observed in the protein expression of ADAM10, BACE1
or the y-secretases, PS1, Nicastrin, APH-1, or Pen-2 (ps ~ 0.05, Fig. 3E),
although there was a trend towards a decrease in the PS1 protein ex-
pressions in the syringin-treated mouse brains compared to that in the
vehicle controls. The syringin-induced decline in f-secretase activities
were significant (F(2,21) = 3.798, p < 0.05, Fig. 3F), and the effects of
syringin treatment on y-secretase activities were as well (F(2,21) =
9.575, p < 0.01, Fig. 3F).

3.4. Syringin administration upregulates iASPP and inhibits p53 DNA-
binding activity without affecting p53 target gene transcription in the APP/
PS1 mouse brain

The expression and activity of p53 are increased in AD brains [43]. It
has been reported that p53 could transcriptionally activate
pro-apoptotic genes or directly impair mitochondria function [44]. p53
apoptotic activities are tightly modulated by apoptosis-stimulating
proteins of p53 (ASPP) family [14,15]. We explore whether
syringin-induced amelioration of AD-related pathology and neuronal
apoptosis is related to the modulation of p53. As shown in Fig. 4A,
Western blot assays showed higher protein expressions of p53 in the
nucleus (F(1,30) = 25.090, p < 0.05) and cytosol (F(1,30) = 35.629, p <
0.05) from the APP/PS1 mouse brains than those of age-matched WT
mouse brains. Parallel to the increases in protein expressions, the mRNA
levels of p53 were increased in the APP/PS1 mouse brains compared
with those in the WT controls (F(1,30) = 61.455, p < 0.05, Fig. 4B). The
DNA-binding activity of p53 was upregulated in the APP/PS1 mouse
brain relative to that in the age-matched WT mice (F(1,42) = 23.745, p
< 0.05, Fig. 4C). Syringin treatment reduced the protein expressions of
p53 in the nuclei (F(2,15) = 11.700, p < 0.01, Fig. 4A) and cytoplasm (F
(2,15) =9.222, p < 0.01, Fig. 4A), and the p53 DAN-binding activity (F
(2,21) = 24.840, p < 0.001, Fig. 4C) in the APP/PS1 mouse brains with
respect to those of vehicle-treated APP/PS1 mice. The protein levels of
cytosolic p53 were reduced in the WT mouse brains under syringin
treatment relative to vehicle-treated WT controls (F(2,15) = 6.022, p <
0.05, Fig. 4A), the effects of syringin on the DNA-binding activities of
p53 in the WT mouse brains were as well (F(2,21) = 4.917, p < 0.05,
Fig. 4C). However, no obvious differences in the protein expressions of
nuclear p53 were observed between syringin- and vehicle-treated WT
mice (F(2,15) =1.631, p” 0.05, Fig. 4A). Syringin treatment did not alter
the mRNA levels of p53 in the WT mouse brains (F(2,15) = 2.941,p ~
0.05, Fig. 4B).

We analysed the ASPP family members, iASPP, ASPP1 and ASPP2 in
the APP/PS1 and age-matched WT mouse brain with or without syringin
administration. The results of Western blot analyses revealed a marked
decrease in iASPP protein expression in the nuclear fractions (F(1,30) =
570.640, p < 0.001, Fig. 4A) and cytoplasm (F(1,30) = 86.859, p < 0.05,
Fig. 4A) of brain tissue from APP/PS1 mice compared to those in the age-
matched WT group. The iASPP mRNA levels in the APP/PS1 mouse

brains were lower than those from the WT mouse brains (F(1,30) =
32.839, p < 0.05, Fig. 4B). Syringin treatment led to an increase in iASPP
protein expression from the cytoplasm of both WT (F(2,15) = 4.681,p <
0.05, Fig. 4B) and APP/PS1 (F(2,15) = 20.622, p < 0.001, Fig. 4A)
mouse brains in comparison with those of their vehicle controls.
Meanwhile, the protein expressions of nuclear iASPP (F(2,15) = 12.672,
p < 0.01, Fig. 4B) and iASPP mRNA levels (F(2,15) = 5.033, p < 0.05,
Fig. 4B) were increased in syringin-treated mouse brains relative to
those of their vehicle controls in the APP/PS1. Syringin treatment did
not significantly alter the protein levels of iASPP in the nucleus (F(2,15)
=1.643,p > 0.05, Fig. 4A) and iASPP mRNA levels (F(2,15) = 3.343,p "~
0.05, Fig. 4B) in the WT mouse brains, a trend towards an increase.
There were no significant differences in ASPP1 or ASPP2 protein
expression between APP/PS1 and WT mouse brains (ps > 0.05, Fig. 4A).
The mRNA levels of ASPP1 and ASPP2 in the APP/PS1 mouse brains
were comparable to those in the WT mouse brains (ps > 0.05, Fig. 4B).
Syringin treatment did not change the protein expression or the mRNA
levels of ASPP1 in either WT or APP/PS1 mouse brains (ps > 0.05,
Fig. 4B). The effects of syringin on ASPP2 mRNA levels were as well (ps >
0.05, Fig. 4B). To evaluate whether syringin-induced increases of iASPP
could affect the iASPP-p53 or ASPPs-p53 interactions, we detected the
iASPP-p53 and ASPPs-p53 complex by coimmunoprecipitation (Co-IP).
As shown in Fig. 4D, the interaction of iASPP with p53 was less in the
APP/PS1 mouse brains than that in the WT mouse brains (F(1,30) =
228.549, p < 0.01). No obvious differences in the ASPP1-p53 and
ASPP2-p53 interactions were observed between the APP/PS1 and WT
mice group (ps > 0.05, Fig. 4D). Syringin treatment caused an upregu-
lation in the binding of iASPP to p53 in both WT (F(2,15) = 23.013,p <
0.001) and APP/PS1 mouse brains (F(2,15) = 7.992, p < 0.01) relative
to their vehicle controls, without affecting the interactions of ASPPs-p53
(ps > 0.05). No genotype x syringin interaction was observed in the
regulation of p53 activities and apoptosis-stimulating proteins of p53 (ps
~ 0.05). We performed a ChIP assay to assess the effects of syringin-
induced alteration of iASPP on the known p53 target gene, Bax and
PUMA, in the APP/PS1 mouse brain. As shown in Fig. 4E, the recruit-
ment of p53 to PUMA (F(1,30) = 698.342, p < 0.01) and Bax (F(1,30) =
470.564, p < 0.01) were higher in the APP/PS1 mouse brains than those
of their age-matched WT controls. Syringin treatment did not signifi-
cantly change the transactivation of PUMA or Bax in both mouse ge-
notypes in comparison with their vehicle controls (ps > 0.05). The results
suggested that syringin-triggered increases of iASPP might not affect the
transcriptional functions of p53.

3.5. Syringin treatment reduces oxidative stress in the brains of APP/PS1
mice

Considering the role of the aging-associated increase in oxidative
stress in triggering enhanced Af plaque deposition [45] and apoptosis
[46], we analysed the oxidative status in the APP/PS1 mice and
age-matched WT mice under syringin or vehicle treatment. We first
assessed the levels of 8-isoprostane, a biomarker for oxidative stress, in
the blood serum of the mice. We observed that the 8-isoprostane levels
were prominently higher in the plasma of APP/PS1 mice than that of the
age-matched WT controls (F(1,42) = 86.758, p < 0.05, Fig. 5A). Syringin
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Fig. 4. Effects of syringin treatment on regulating p53 and the members of the apoptosis-stimulating protein of p53 (ASPP) family in the APP/PS1 mouse
brains. The assessment of p53 in the nucleus (N-p53) and cytosol (C-p53), nuclear iASPP (N-iASP), cytosolic iASPP (C- iASPP), ASPP1 and ASPP2 in the mouse brains
of APP/PS1 transgenic (Tg) and age-matched wild-type (WT) C57BL/6 mice given syringin (Syr, 20 mg/kg or 60 mg/kg body weight) or vehicle treatment (Con) were
performed. Representative images of Western blot assays showing the protein levels (A). (B) mRNA levels of p53, iASPP, ASPP1 and ASPP2 were determined by real-
time PCR. (C) Quantification showing the p53 DNA-binding activities. (D) The p53-iASPP interactions, the binding of p53 with ASPP1 and the p53-ASPP2 protein
complex were measured by co-immunoprecipitation (CO-IP). (E) Chromatin immunoprecipitation (ChIP) analyses were performed to estimate p53-mediated gene
transcription of PUMA and Bax. Two-way ANOVA with post hoc Fisher’s PLSD tests (*p < 0.05, **p < 0.01, ***p < 0.001 relative to the WT group; *p < 0.05, *#p <
0.01, ###p < 0.001 relative to the vehicle-treated group).
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Fig. 5. Syringin administration amends the antioxidant defense in APP/PS1 mouse brains. (A) ELISA assays was performed to measure the levels of 8-isopros-
tane in the blood serum of APP/PS1 transgenic (Tg) and age-matched wild-type (WT) mice given syringin (20 mg/kg or 60 mg/kg body weight) or vehicle (Con)
treatment. (B) ROS contents in the mouse brains were determined using CM-H2DCFDA fluorescence probe. (C) The contents of reduced glutathione (GSH) and
oxidative glutathione (GSSG) in the brain tissues were assessed. Quantification showing the GSH/GSSG ratio. (D) The activities of glutathione peroxidase (GPX) and
glutathione reductase (GR) were determined by colorimetric and ultraviolet colorimetric methods. (E) MitoSOX red assays by flow cytometry showing the levels of
mitochondrial superoxide in the mouse brain. (F) Oxidized dihydroethidium (DHE) signal (red) showing the superoxide levels in the hippocampus of APP/PS1 and
age-matched WT mice. Scale bars: 300 pm. High-magnification images of the CA3 and CA1 regions in the square boxes are depicted in the right panels. The high
burden area of Ap plques by Thioflavine (Thio S) labelled (green) also showing the significant positive staining of oxidized DHE. Scale bars: 60 pm. Two-way ANOVA
with post hoc Fisher’s PLSD tests (*p < 0.05, **p < 0.01 relative to the WT group; **p < 0.01, *#*#p < 0.001 relative to the vehicle-treated group). (For interpretation
c:f the references to color in this figure legend, the reader is referred to the Web version of this article.)

administration significantly reduced the 8-isoprostane contents in the
plasma of both WT (F(2,21) = 30.610, p < 0.001, Fig. 5A) and APP/PS1
(F(2,21) = 16.379, p < 0.001, Fig. 5A) mice relative to their
vehicle-treated control groups. We detected ROS levels by CM-H2DCFD
probes and observed significantly higher ROS level in the brain tissue
from APP/PS1 mice relative to that from the age-matched WT mice (F(1,
42) = 416.848, p < 0.01, Fig. 5B). The ROS contents of syringin-treated
APP/PS1 mice were lower than those of the vehicle-treated APP/PS1
controls (F(2,21) = 5.261, p < 0.01, Fig. 5B). Syringin also reduced ROS
production in the age-matched WT brains (F(2,21) = 15.915, p < 0.01,
Fig. 5B). We then estimated the GSH and GSSG contents in the mouse
brains. As shown in Fig. 5C, in comparison with age-matched WT con-
trols, the APP/PS1 mice exhibited lower levels of GSH in the brains of
APP/PS1 mice (F(1,42) = 665.851, p < 0.01) but significantly higher
levels of GSSG (F(1,42) = 172.944, p < 0.01). Syringin treatment
markedly increased the GSH contents in the brains of both WT (F(2,21)
= 7.208, p < 0.01, Fig. 5C) and APP/PS1 mice (F(2,21) = 10.599, p <
0.01, Fig. 5C) relative to those of their vehicle-treated controls.
Compared with the vehicle controls, syringin administration reduced
the GSSG levels in both WT (F(2,21) = 20.356, p < 0.001, Fig. 5C) and
APP/PS1 (F(2,21) = 9.108, p < 0.01, Fig. 5C) mouse brains. Accord-
ingly, the GSH/GSSG ratio was lower in the APP/PS1 mice than in that
of age-matched WT mice (F(1,42) = 19.107, p < 0.05, Fig. 5C). An in-
crease in the GSH/GSSG ratio was present in both
syringin-administrated WT (F(2,21) = 106.791, p < 0.001, Fig. 5C) and
syringin-treated APP/PS1 (F(2,21) = 109.684, p < 0.001, Fig. 5C) mouse
brains. A significant decline in the GPX (F(1,42) = 55.074, p < 0.05,
Fig. 5D) and GR activities (F(1,42) = 75.412, p < 0.05, Fig. 5D) was
exhibited in the APP/PS1 mouse brains compared with those in the
age-matched WT mouse brains. Syringin treatment enhanced the GPX
and GR activities in both the WT and APP/PS1 mouse brains (ps < 0.01,
Fig. 5D). Mitochondrial superoxide measurements by flow cytometry
analyses with MitoSOX Red staining showed that the levels of mito-
chondrial superoxide anion in the APP/PS1 mouse brain were higher
than those in the age-matched WT group (F(1,42) = 121.385, p < 0.01,
Fig. 5E). Compared to vehicle treatment, syringin intervention markedly
reduced the superoxide anion levels in the brains of WT (F(2,21) =
70.453, p < 0.001, Fig. 5E) and APP/PS1 (F(2,21) = 31.613, p < 0.001,
Fig. 5E) mice. Consistent with MitoSOX results, morphological assays of
endogenous superoxide levels with DHE staining revealed marked in-
creases in the hippocampus of APP/PS1 mouse brains relative to those in
their age-matched WT controls (F(1,30) = 48.331, p < 0.05, Fig. 5F).
Double labelling with Thioflavine S (Thio S) and DHE indicated that the
oxidized DHE fluorescence signal appeared to be more concentrated in
the cell body and nuclei around the Ap plaques regions in the hippo-
campal slices of APP/PS1 mice than those of the age-matched WT con-
trols (Fig. 5F). In comparison with the WT mice, the superoxide dye were
more greater in the hippocampal CA1 (F(1,30) = 58.525, p < 0.05,
Fig. 5F) and CA3 (F(1,30) = 48.331, p < 0.05, Fig. 5F) areas of the
APP/PS1 mouse brains. Whereas, striking decline of oxidized DHE were
observed in entire hippocampus (F(2,15) = 22.907, p < 0.001, Fig. 5F),
the CA3 (F(2,15) = 22.134, p < 0.001) and CA1 (F(2,15) = 22.898,p <
0.001) regions from Syr-administrated APP/PS1 mice compared with
vehicle-treated APP/PS1 controls. The effects of Syr on superoxide
contents in the age-matched WT mice were as well (ps < 0.001, Fig. 5F).
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3.6. Syringin treatment increases the interaction of iASPP and Keapl and
stabilizes Nrf2 levels in the APP/PS1 mouse brain

Nrf2 is one of the most important endogenous regulators protecting
cells against oxidative stress [9,47]. Nrf2 nuclear translocation is
required to drive the transcription of antioxidative and cellular defence
targets [8]. Nuclear Nrf2 protein expression has been reported to be
significantly reduced in the hippocampal neurons of AD postmortem
tissues [10]. IASPP competes with Nrf2 for binding with Keapl and fa-
cilitates Nrf2 nuclear translocation in cancer cells [24]. To investigate
whether syringin-induced upregulation of antioxidant defense in the
APP/PS1 mouse brain is involved in the modulation of iASPP and Nrf2,
we detected Nrf2 protein levels in the APP/PS1 and age-matched WT
mouse brains. A band of approximately at ~110-95 kDa was observed
using a rabbit anti-Nrf2 antibody, indicating that it was not a degraded
Nrf2 [48]. As shown in Fig. 6A, the protein expressions of Nrf2 were
lower in the nucleus (F(1,30) = 584.881, p < 0.01) and cytosol (F(1,30)
= 55.041, p < 0.05) from the APP/PS1 mouse brains than those of the
WT controls. The Nrf2 mRNA levels (F(1,30) = 160.819, p < 0.01,
Fig. 6B) and DNA-binding activities (F(1,30) = 537.940, p < 0.01,
Fig. 6C) were lower in the APP/PS1 mouse brains than in the
age-matched WT group. Syringin treatment increased the protein ex-
pressions of nuclear Nrf2 in the APP/PS1 mouse brains relative to
vehicle-treated APP/PS1 controls (F(2,15) = 7.283, p < 0.01, Fig. 6A).
So as the effects of syringin on the protein levels of cytosolic Nrf2 in the
APP/PS1 mouse brains (F(2,15) = 7.082, p < 0.01, Fig. 6A). Syringin
administration enhanced the Nrf2 mRNA levels (ps < 0.001, Fig. 6C) and
Nrf2 DNA-binding activities (ps < 0.001, Fig. 6C) in both APP/PS1 and
WT mouse brains. We detected the interaction of iASPP with Keapl.
Co-IP assays showed that the binding of iASPP to Keap1 was lower in the
APP/PS1 mouse brain than that of the age-matched WT group (F(1,30)
= 216.759, p < 0.01, Fig. 6D). Compared with vehicle-treated APP/PS1
mice, syringin-treated APP/PS1 mice exhibited an increase in the
interaction of Keapl with iASPP in the mouse brains (F(2,15) = 11.199,
p < 0.01, Fig. 6D). Syringin similarly affected iASPP-Keapl complex
formation in the WT mouse brains as well (F(2,15) = 11.303, p < 0.01,
Fig. 6D). Morphological stains with anti-iASPP antibody showed that the
iASPP activity products were mainly located in the neuronal cytoplasm
and nuclei (Fig. 6E). Co-staining with anti-iASPP antibody and Thio S
showed that immunoreactivities of iASPP in the neurons were signifi-
cantly less, especially around the Ap plaque-related areas in the hippo-
campus of the APP/PS1 mouse brains (Fig. 6E). In contrast, the protein
expressions of iASPP from syringin-treated APP/PS1 mice brains were
markedly increased in the Ap-related areas than those of
vehicle-administrated APP/PS1 group (Fig. 6E). The morphological as-
says of Nrf2 distribution and expression revealed that the nuclear Nrf2
immunoreactivities were reduced in the hippocampal CA1 (F(1,30) =
116.915, p < 0.01, Fig. 6F) and CA3 regions (F(1,30) = 245.415, p <
0.01, Fig. 6F) from the APP/PS1 mice than those of age-matched WT
controls. Syringin treatment facilitated Nrf2 nuclear translocation in
both WT and APP/PS1 mice compared to their vehicle controls (ps <
0.01, Fig. 6F).
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Fig. 6. Syringin management enhances the cytosolic iASPP-Keap1 interaction and the nuclear Nrf2 DNA-binding activity in the APP/PS1 mouse brain. (A)
Western blot assays showing the protein expression of Nrf2 in the cytosol and nuclei of the brains in the APP/PS1 transgenic (Tg) and age-matched wild-type (WT)
mice given syringin (20 mg/kg or 60 mg/kg body weight) or vehicle (Con) treatment. (B) mRNA levels of Nrf2 were examined by real-time PCR. (C) DNA-binding
activities of Nrf2 were determined by ELISA assays. (D) The binding of Keapl with iASPP was assessed by co-immunoprecipitation (Co-IP) assays. (E) Representative
immunofluorescence images of iASPP (red) and Thioflavine (Thio S, green) labelling in the hippocampal sections of APP/PS1 and age-matched WT mouse brains.
White arrows indicate the iASPP-immunoreactive cells around the Thio S-positive plaques. Scale bars: 200 pm. High-magnification images (the bottom three panels)
show the localization of iASPP (indicated by white arrowheads) and Af-containing plaques. Scale bar = 60 pm. (F) Immunostaining with anti-Nrf2 antibody showing
the cytosolic and nuclear localization of Nrf2 in the CA3 and CA1 regions of the hippocampus. Black arrowheads indicate the representative Nrf2-immunoreactive

stains in the neuronal nuclei. Scale bars: 60 pm. Square boxes showing the high magnification. Two-way ANOVA with post hoc Fisher’s PLSD tests (*p < 0.05,

:‘c:’cp <

0.01 relative to the WT group; ##p < 0.01, ###p < 0.001 relative to the vehicle-treated group). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

3.7. Syringin induces enhancement of antioxidant defense via the iASPP-
Nrf2 axis

A previous study demonstrated that iASPP overexpression could
facilitate Nrf2 accumulation and increase antioxidative functions in
cancer cells [24]. Considering some common molecular mechanisms but
inverse relationships underlying the onset and development of cancer
and neurodegenerative diseases [49], we examined whether
syringin-induced iASPP upregulation is involved in regulating the Nrf2
signalling cascade in AD model cells in vitro. To assess the protective
effects of syringin under conditions similar to oxidative stress in
AD-related pathology, N2a cells or N2a cells overexpressing human
B-amyloid precursor protein Swedish mutation (APPswe) were treated
with 50 pM H0j, or pre-treated with 1-mM of syringin for 6 h and
subsequently exposed to 50 pM Hy0; for 24 h. CM-H;DCFDA probe
labelling revealed that HoO5 treatment caused a marked increase in ROS
production in both N2a and APPswe cells compared with vehicle con-
trols (ps < 0.01, Fig. 7A). The ROS levels in HyO,-treated APPswe cells
were higher than those of HyO,-treated N2a cells (p < 0.05, Fig. 7A). In
contrast, syringin treatment alleviated the Hy0s-induced increase in
ROS in N2a cells (p < 0.01 Fig. 7A) and APPswe cells (p < 0.01, Fig. 7A).
PI uptake analysis by flow cytometry revealed that chronic HyO, treat-
ment significantly reduced the portion of S-phase cells, but triggered
more cells arrested in the GO/G1 phase in both APPswe and N2a cells
relative to vehicle controls (Fig. 7B). The proportion of S-phase cells of
the APPswe group in the presence of HoO5 was less than that of N2a cells
under Hy0, treatment, indicating the vulnerable of APPswe cells to
H05-induced cell cycle delay and DNA damage. Syringin treatment
significantly prevented the HyOs-induced drop in the proportion of
S-phase cells in both N2a cells and APPswe cells (Fig. 7B), suggesting
syringin-mediated cells repair for the initial damage. Meanwhile, as
shown in Fig. 7C, the population of HyOo-triggered apoptotic cells in
APPswe cells was markedly higher than that of N2a cells. Syringin
treatment significantly reduced Hy0,-induced apoptosis in both N2a
and APPswe cells. We then assessed the effects of oxidative stress on Af
production. As shown in Fig. 7D, syringin treatment significantly
inhibited Hy0s-induced increases of Ap1-40 and AB1-42 secretion in
both N2a and APPswe cells (ps < 0.01).

Considering our present results showing syringin treatment-induced
increases in iASPP expression and the stabilization of Nrf2 in the brains
of APP/PS1 mice, we examined the modulatory effects of syringin on the
iASPP/Nrf2 signal axis in N2a and APPswe cells in vitro. As shown in
Fig. 7E, chronic HpOs-induced decreases in the protein expressions of
cytosolic and nuclear iASPP were worsen in the APPswe cells than those
in the N2a cells (p < 0.01), similar to the Nrf2 protein levels (p < 0.01,
Fig. 7E), Nrf2 mRNA levels (p < 0.01, Fig. 7F) and Nrf2 DNA-binding
activity (p < 0.01, Fig. 7G). Syringin treatment mitigated the chronic
H,0-triggered decline of iASPP and Nrf2 protein expressions in both
cytosol and nucleus (ps < 0.01, Fig. 7E), and the Syringin-mediated ef-
fects on Nrf2 mRNA levels (p < 0.01, Fig. 7F) and DNA-binding activity
of Nrf2 (p < 0.01, Fig. 7G) were as well. Chronic HyO5 treatment reduced
the Keapl-iASPP interaction to a greater extent in the APPswe cells than
in the N2a cells (p < 0.01, Fig. 7H). The binding of Keap1-iASPP was
greater in HyOo-primed APPswe cells in the presence of syringin
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treatment than that in HyO-treated APPswe cells in the absence of
syringin (p < 0.01, Fig. 7H). An enhancement of the Keapl-iASPP
interaction was also observed in HyOo-treated N2a cells given syringin
treatment relative to the HyOo-primed N2a cell without syringin man-
agement (p < 0.01, Fig. 7H). We further verified that syringin triggered
the upregulation of Nrf2, thereby protecting cells against oxidative
stress via the modulation of iASPP. As shown in Fig. 71, siRNA-induced
inhibition of iASPP reduced the syringin-mediated increase in cyto-
plasmic and nuclear Nrf2 levels (p < 0.01, Fig. 7I) and partly abrogated
the syringin-caused decreases in ROS in both N2a and APPswe cells (p <
0.01, Fig. 7J). Importantly, as shown in Fig. 7k and Supplementary 1
Fig. S1, lentiviral gene transfer (LV-iASPP)-triggered iASPP over-
expression or syringin treatment could lead to the increases of protein
expression (ps < 0.01, Fig. 7K) and mRNA levels (ps < 0.01, Supple-
mentary Fig. S1) of NQO1 and yGCL-C, suggesting the transcription
activation of Nrf2 downstream genes. However, Nrf2 siRNA or Nrf2
inhibitor, trigonelline, markedly abrogated the effects above (ps < 0.01).
Our result suggests that syringin-induced upregulation of iASPP en-
hances antioxidant defense via the iASPP-Nrf2 axis. Computational
docking of the molecular structure of syringin and iASPP showed that
the binding affinity of iASPP on syringin was strong (—23.02 kJ/mol).
Syringin forms hydrogen bonds with iASPP by Asparagine 687
(Asn687), Aspartic acid 768 (Asp768) and Asn813, respectively. The
interaction between syringin and iASPP forms a binding pocket (Sup-
plementary Fig. S2).

4. Discussion

Age-related oxidative imbalance is thought to be a prominent
manifestation related to neuronal cell damage in the brain [50]. Chronic
exposure to ROS is closely related to brain senescence and neurode-
generative diseases. Antioxidants are recognized to have great appli-
cable potential for the management of neurodegenerative diseases [51].
Natural products, such as polyphenol compounds extracted from plants
and herbs, has attracted attention because of their antioxidant proper-
ties [52]. Neuronal cells in the nervous system are highly sensitive to
oxidative stress because of their higher dependence on oxidative phos-
phorylation for large metabolism-demanding processes than other cell
types. Oxidative stress is an important pathogenic manifestation of AD
that may contribute to synaptic dysfunction, which precedes Ap accu-
mulation and neurofibrillary tangle formation [53,54]. Antioxidant
administration has been observed to be able to reduce oxidative stress
and inhibit Ap production in vitro [55]. Antioxidant treatment has been
shown to improve performance on cognitive tests in AD animal models
[56,57]. In an early intervention with antioxidants in mild to moderate
AD patients, the patients who received treatment with the antioxidant
colostrinin exhibited improved cognitive functions [58]. It is considered
that restoring redox homeostasis is a potential protective strategy
against brain ageing and neurodegenerative disease [59]. In the present
study, we showed that the increase in oxidative stress in the APP/PS1
mouse brain was directly related to synaptic deficiency and cognitive
impairment. Syringin was able to mitigate the oxidative-redox imbal-
ances in the brains of APP/PS1 mice. Syringin treatment downregulated
the activities of - and y-secretases and alleviated Af accumulation in the
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Fig. 7. IASPP increases mediated by syringin exert antioxidant activity and reduce apoptosis by stabilizing Nrf2. (A) ROS contents are significantly increased
under Hy0, (50 pM, 24 h) treatment in N2a cells or N2a cells transfected with the human beta-amyloid precursor protein Swedish mutation (APPswe). N2a and
APPswe cells with vehicle treatment were used as controls (Con). CM-H2DCFDA staining by flow cytometry assays showing that the ROS levels are markedly reduced
under incubating with 1-mM of syringin (Syr) for 6 h followed by 50 pM H;0, addition and up to 24 h in both N2a and APPsw cells. (B) Cell cycle of N2a and APPswe
cells were evaluated. Quantification showing the propidium iodide (PI) uptake of cells. (C) Annexin V-FITC/PI staining showing the protective effects of syringin
against H,O,-induced apoptosis in N2a and APPswe cells. (D) Soluble Ap1-40 and Ap1-42 levels secreted by the cells were measured by ELISA. (E) Representative
Western blot images showing the protein expression of iASPP and Nrf2 in the nucleus (N-Nrf2) and the cytosol (C-Nrf2). (F) mRNA levels of Nrf2 are shown. (G) Nrf2
DNA-binding activity in the N2a and APPswe cells was measured. (H) The iASPP-Keapl interactions in the N2a and APPswe cells were determined by Co-
immunoprecipitation (Co-IP). The small interfering RNA (siRNA)-mediated inhibition of iASPP (si-iASPP, 50 nM) abolished syringin-triggered increases of Nrf2
levels in the cytoplasm and nuclei (I) and abrogated the syringin-induced ROS reduction (J) in the N2a and APPswe cells. (K) Western blot analysis showed that
upregulation of NQO1 and yGCL-C triggered by iASPP lentiviral gene transfer (LV-iASPP) or Syr treatment were blocked by transfected with 60 nM of Nrf2 siRNA (si-
Nrf2) or Nrf2 inhibitor, trigonelline (0.5 pM, 24h), in the APPswe cells. Statistical significance: *p < 0.05, **p < 0.01 relative to N2a controls; ##p < 0.01 relative to
the vehicle-treated group; 3%p < 0.01 relative to H,0, treatment group. Data were analysed with multivariate ANOVA with post hoc Fisher’s PLSD tests (A-H). *p <
0.05, **p < 0.01 relative to N2a controls; **p < 0.01 relative to the vehicle-treated group; ¥*p < 0.01 relative to Syr treatment group. Data were analysed with
multivariate ANOVA with post hoc Fisher’s PLSD tests (I-J); **p < 0.01 compared with the vehicle-treated group; *#p < 0.01 compared with LV-iASPP management
cells; *%p < 0.01 relative to Syr-treated group. Data were analysed with one-way ANOVA with post hoc Fisher’s PLSD tests (K). Values are represented at least three
i‘ndependent experiments.

<

APP/PS1 mouse brain, without altering the protein expressions of with the severity of the apoptosis insult [72]. IASPP, unlike the function
ADAM10, BACE1, PS1, APH-1, Nicastrin, and Pen-2. Our findings sug- of two other members of the ASPP family, is a conserved inhibitor of p53
gested that syringin-induced upregulation of antioxidant defense might [73]. Based on the roles of p53 in cancer prevention, research on iASPP
exert critical roles in mitigating AD-related pathology. function has mainly focused on cellular invasiveness, tumour occurrence

An endogenous defence against oxidative stress is the activation of and cancer progression [74,75]. Interestingly, iASPP could work as a
the Nrf2 signalling pathway [60]. Under physiological conditions, Nrf2 binding partner of desmoplakin and desmin in cardiomyocytes.
interacts with the cytoplasmic protein Keapl [61] and is degraded [7]. iASPP-deficient mice exhibit arrhythmogenic right ventricular cardio-
Nrf2 is detached from Keapl in response to stress stimuli and is trans- myopathy and are vulnerable to sudden cardiac death [76]. In a rat
located to the nucleus, potentially driving transcriptional activation of model of acute optic nerve damage, upregulating iASPP expression
its target genes through acting on AREs, thereby exerting a cytopro- could reduce retinal ganglion cell loss [21]. IASPP has been reported to
tective response [5]. It has been reported that Nrf2 protein expression is suppress cellular senescence in vitro [77] and exert an antioxidant
abundant in the nuclei of neurons from normal human post-mortem function independently of p53 [24]. Liu and colleagues observed that
brain [10]. Ramsey and colleagues revealed significant decreases of enhancing iASPP protein levels significantly reduced the infarction in a
Nrf2 in human autopsy brain tissues of AD cases by immunoblotting mouse model of focal cerebral ischaemia [20]. Importantly, an in vitro
assays. Nrf2 presented weakly expression in the nuclei of neurons in the experiment demonstrated that iASPP competes with Nrf2 for interacting

hippocampus and frontal cortex of AD brain [10]. Nrf2 content has been with Keapl through a double glycine repeat domain; the binding of
reported to decline with age [62], and the Nrf2-mediated antioxidative iASPP with Keapl leads to the cytosolic accumulation of Nrf2 and fa-

response is lost in old rats [63]. Nrf2 deficiency makes neurons cilitates Nrf2 nuclear translocation [24]. Given the increase in
vulnerable to toxic stimuli in vitro [64]. Oxidative stress and neuro- oxidative-redox imbalances and apoptosis in the AD brain, identifying a
inflammation along with hyperphosphorylated tau and Af oligomer novel property of iASPP might provide a meaningful molecular expla-
were significantly increased in the brains of AD model mice with Nrf2 nation for AD progression. In this study, the expression of iASPP was
knockout [65]. Upregulating Nrf2 signalling by stereotactic injection lower in the APP/PS1 mouse brains than that of the age-matched WT
with lentiviral-Nrf2 to the hippocampal tissue of the APP/PS1 mouse brains. However, no significant differences in the protein expression or
brain alleviated the learning deficiency of the mice [12]. We previously mRNA levels of ASPP1 and ASPP2 were detected between APP/PS1 and
observed that increasing Nrf2 expression enhanced CD36 expression and age-matched WT mouse brains. Syringin treatment reduced neuronal
facilitated Ap clearance [7]. In the present study, immunofluorescence cell apoptosis in the APP/PS1 mouse brain. ChIP analysis showed that
labelling and immunohistochemistry staining respectively showed syringin did not alter the specific recruitment of p53 to the downstream
syringin-mediated increases of iASPP and nuclear translocation of Nrf2 genes, Bax and PUMA, suggesting that the syringin-induced apoptosis
in the hippocampal neurons of the mouse brains. Kanninen and col- inhibition may be p53 independent.
leagues observed that Nrf2 activation in hippocampal neurons could Oxidative stress-induced apoptosis is considered a major common
effectively performed neuroprotective function [12]. Furthermore, it is feature that integrates stress signalling. Ge and colleagues observed that
considered that Nrf2 inducer modulates Nrf2 signaling particularly via overexpressing iASPP resulted in a significant decrease in ROS reduction
astrocytes in the models of Parkinson’s disease [66,67]. The cell type of in cancer cell lines in vitro. In contrast, iASPP siRNA induced ROS
Nrf2 activation in response to endogenous and exogenous stimuli in accumulation [24]. Upregulating iASPP expression by adeno-associated
neurodegeneration need to be determined The mechanisms that un- virus-iASPP intravitreal injections contributed to the survival of retinal
derlie the decline in Nrf2 signalling with age and in AD progression ganglion cells in a mouse model of acute optic nerve damage [21]. The
remain to be elucidated. The potential role of Nrf2 in re-establishing functional state of the endogenous defence system determines its ca-
oxidative-redox homeostasis once an initial insult has already pacity for resistance to oxidative stress damage. Nuclear Nrf2 levels
occurred is an important area of investigation. affect the transcriptional activity of its target antioxidant genes. In the
Meanwhile, dysregulated apoptosis is considered as an important present study, the nuclear protein expression and DNA-binding activity
pathogenic mechanism in AD due to the characteristic cell loss and tis- of Nrf2 were lower in the APP/PS1 mouse brains than that of the
sue degeneration. Damaged and loss of neuronal cells are exhibited in age-matched WT control brains. Importantly, the cytosolic iASPP levels
the entorhinal cortex, hippocampus and neocortex-associated areas in and iASPP-Keapl interactions were markedly lower in the APP/PS1
the AD brain [68,69]. mouse brains than those of the WT mouse brains. These findings sug-
Increased p53 levels were observed in injured neurons of postmor- gested that the iASPP decline might be involved in the Nrf2 signalling
tem brain tissue from AD patients [70]. Enhanced p53 immunoreactivity impairment in the APP/PS1 mouse brain. Co-IP assays showed that
along with an apoptosis marker was present in mouse brains over- syringin treatment increased the cytosolic iASPP protein levels and

expressin - . activation has been proposed to correlate i -Keapl interactions, likely enhancing the competition of i
pressing Ap1-42 [71]. p53 activation has been proposed 1 iASPP-Keapl i i likely enhancing th petiti f iASPP
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with Nrf2 to bind Keapl compared with that in the APP/PS1 mice not
given syringin. GSH/GSSG, one of prominent index indicating
oxidative-redox status, were significantly increased under syringin
management in both WT and APP/PS1 mouse brains compared to those
of their vehicle controls in our study. Nrf2 modulates the synthesis and
regeneration of GSH [78], which is important for cell survival. Nrf2
inducer could regulate GSH levels in neurons and astrocytes [79].
Nrf2-mediated transcriptional activation of antioxidant genes in astro-
cytes may facilitate the biosynthesis of GSH, sustaining the redox status
of neurons [80]. Further exploring the relationship of Nrf2 signal vari-
ation between neurons and astrocytes in AD progression is helpful in
restoring redox balance with antioxidants in the AD intervention.

It has been reported that Nrf2 inducer, sulforaphane, could reduce
BACEI expression and subsequently Af production [81]. In our study,
syringin treatment-caused upregulation of Nrf2 led to the decreases of f-
and y-secretases activities related to APP processing without altering
their protein expression, reducing the AB deposition. The effects of
syringin on regulating iASPP/Nrf2 axis were confirmed in APPswe cells
in vitro. A preconditioning protocol was performed in our experiment.
The cells were first treated with syringin for 6 h, and were followed by
the incubation with HpO3 for 24 h. Syringin management protected
APPswe cells against chronic HoO, treatment-induced apoptosis and
reduced ROS levels. The results suggest that syringin might offer

ot |

AB production and
X _~accumulation

Nrf2 stabilization
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enhanced antioxidant defenses in a preconditioning framework. The
opinion that general preconditioning signals contribute to cellular pro-
tection is recognized [82-84]. HyOo-primed increases in A secretions
were reduced under syringin treatment in the APPswe cells, indicating
that syringin-restored antioxidative activity reduced amyloidosis.
Interestingly, iASPP siRNA abrogated the syringin-mediated Nrf2
upregulation and ROS reduction. Furthermore, syringin- or
LV-iASPP-mediated iASPP increases facilitated NQO1 and yGCL-C
transcription, but the effects were abrogated by Nrf2 siRNA or trig-
onelline (Nrf2 inhibitor).

5. Conclusions

Our ex vivo and in vitro findings addressed the neuroprotective effects
of syringin against oxidative injury in AD model through competing with
Nrf2 for Keapl, stabilizing Nrf2 and facilitating the antioxidative gene
transcription (Fig. 8). Although the present experiments using the APP/
PS1 mouse model and APPswe cells exhibit some certain limitations
with respect to direct comparisons with the condition of the AD brain,
our results demonstrate that iASPP decline is involved in Nrf2 degra-
dation, contributing to the impairment of antioxidative defence in the
development and progression of amyloid-related pathology. Further
study on human AD postmortem brain tissue will contribute to revealing

1

I (e
, protein:
1 NQOf1,
i GCL,
I
I
|

Fig. 8. Graphical abstract illustrates the possible neuroprotective mechanisms of syringin against AD-related neurodegeneration via iASPP/Nrf2 axis.
Under physiological conditions, nuclear factor-erythroid 2-related factor 2 (Nrf2) Nrf2 interacts with Kelch-like ECH-associated protein 1 (KEAP1) in the cytoplasm
and undergoes degradation by the proteasome through ubiquitination. Mild reactive oxygen species (ROS) production could induce Nrf2 release from Keapl and
facilitate it nuclear translocation, initiating transcription of antioxidative genes. (A) In Alzheimer’s disease (AD) brain, Nrf2 signalling is decline. Chronic oxidative
stress is related to the excessive generation of ROS, which facilitate progressive production and accumulation of f-amyloid (Ap). The processing of Ap aggregation
further deteriorates oxidative imbalance. Higher proteasomal degradation of Nrf2 might worsen the poor antioxidant levels in AD brain. (B) Syringin (Syr) interacts
with inhibitor of apoptosis-stimulating protein of p53 (iASPP), and increases the expression and activity of iASPP. IASPP competes with Nrf2 for Keapl, leading to
Nrf2 dissociated from Keapl. Nrf2 stabilization in cytosol facilitates it translocate into nucleus. In the nucleus, Nrf2 interacts with small musculoaponeurotic
fibrosarcoma (sMaf) proteins, binding to the antioxidant response elements (ARE). The activation of Nrf2 initiates the gene expression such as NAD (P) H: quinone
oxidoreductase 1 (NQO1), glutamyl cysteine ligase (GCL), glutathione reductase (GR), determination of glutathione peroxidase (GPX), etc., playing the neuro-
protective roles in ameliorating the AD-related pathology.
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the direct effects of iASPP on the activity of Nrf2 signalling in AD pa-
thology. Herein, our data show that syringin reduces oxidative stress,
alleviates AD-related pathology, and upregulates Nrf2 signalling, which
is involved in the enhancement of syringin-mediated iASPP-Keapl in-
teractions. Computational docking model data showed the direct bind-
ing of iASPP with syringin. Further study on the syringin-iASPP
interactions may help in understanding the regulatory mechanism and
designing novel potent modulators. Therefore, syringin might be a po-
tential candidate for AD treatment.
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