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Orientin Improves Cognition by Enhancing Autophagosome
Clearance in an Alzheimer’'s Mouse Model
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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia and is characterized by the presence of 3-amyloid (A3) plaques
and defective autophagy in the brain, which is believed to cause neuronal dysfunction. By using APP/PS1 transgenic AD mice,
we investigated the influence of orientin (Ori) on cognitive function and its underlying mechanisms in AD models. Our data
indicated that Ori improved spatial learning and memory in APP/PS1 mice, possibly through decreasing brain A3 deposition and
attenuating autophagy impairment. Ori decreased the LC3-II/I ratio, p62 and cathepsin D (Ctsd) protein levels and the number of
autolysosomes, whereas the protein levels of Ulkl and Beclin-1 were no different between the control and treatment groups,
indicating increased autolysosome clearance and thus a decreased A3 burden in the brain. Our results showed that Ori could
enhance autolysosome clearance, decrease brain A3 deposition and improve learning and memory in AD mice.
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Introduction

Alzheimer’s disease (AD), one of the greatest global public
health care challenges, is the most common form of dementia
and clinically manifests as progressive cognitive and behav-
ioral impairment. The prevalence of AD approximately dou-
bles every 5 years after age 65, and the socioeconomic burden
of AD is huge, especially with its increasing prevalence (Lane
et al. 2018). Although remarkable advances have been made
in the understanding of AD pathogenesis, curative treatments
are still not available. AD is characterized by the accumulation
of deposited A3 and neurofibrillary tangles in the brain. The
pathogenesis of AD is complicated and involves multiple fac-
tors, such as lifestyle, vascular risk factors, and genetic sus-
ceptibility. Af3 is a critical factor during the progression and
pathogenesis of AD (Karran et al. 2011). Mutations in the
amyloid precursor protein (APP), presenilin 1 (PSEN1),
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presenilin 2 (PSEN2), and APOE genes leads to elevated
A build-up, deposition, and spread and eventually contrib-
utes to familial or sporadic forms of AD (Karch and Goate
2015; Schmechel et al. 1993).

The pathogenic proteins responsible for A} and tau accu-
mulation in AD indicate the emergence of disease-related def-
icits in eliminating damaged proteins (Menzies et al. 2017).
The clearance of A3 and tau is closely associated with au-
tophagy. Autophagy is a major cellular self-digestion pathway
that delivers long-lived proteins, aggregate-prone proteins and
damaged organelles to lysosomes for degradation (Mizushima
and Komatsu 2011). Accumulated autophagosomes and high
levels of lysosomal hydrolases have been found in the brains
of AD patients and animal models, indicating impairment of
the autophagosomal-lysosomal pathway (Bordi et al. 2016;
Nixon et al. 2005). Autophagic clearance defects lead to neu-
ronal impairment, A3 accumulation, neuron death, and AD
development (Boland et al. 2008). Attenuating autophagy
dysfunction could increase the clearance of aggregation-
prone neurotoxic protein and alleviate the pathological chang-
es in AD, thus serving as an effective therapeutic strategy
(Boland et al. 2018; Menzies et al. 2017). Many autophagic
regulators were shown to be beneficial in both AD cells and
animal model (Deng and Mi2016; Duetal. 2013; Huang et al.
2017; Lee et al. 2014; Liu et al. 2013; Son et al. 2016; Yang
et al. 2011; Zhang and Zhao 2015). Some agents, such as
resveratrol and curcumin, are undergoing clinical evaluation
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in AD patients, although their unequivocal therapeutic effica-
cies need confirmation through long-term study (Boland et al.
2018).

Ori is a flavonoid compound extracted from some natural
plants, such as Trollius chinensis and bamboo leaves. Ori has a
variety of pharmacological activities, including the promotion
of autophagy (Liu et al. 2016) and anti-inflammatory (Wang
et al. 2017), anti-oxidant (Xiao et al. 2018), and neuroprotec-
tive (Liu et al. 2015; Tian et al. 2018; Wang et al. 2016)
effects, and might be an underlying multitarget AD drug be-
cause of these properties, which are closely associated with
AD pathogenesis. A recent study showed that Ori could atten-
uate cognitive impairment in Af3-induced AD mice via de-
creasing the level of oxidants (Yu et al. 2015). It is uncertain
whether Ori affects cognitive function, A3 load and autopha-
gy in transgenic AD mice. In this study, we investigated the
effects of Ori on autophagy and (3-amyloid in the brains of
APP/PS1 transgenic mice.

Materials and Methods
Animals

This study is performed consentaneously with the recommen-
dations of Animal Care Committee of Jinzhou Medical
University and the protocol was approved by Animal Care
committee of Jinzhou Medical University. Seven-month-old
female APP/PS1 transgenic C57BL/6J mice and age-matched
wild-type C57BL/6J mice were obtained from the Institute of
Laboratory Animal Science, China Medical University. APP/
PS1 transgenic mice harboring AD-mutated human APPg,
and PS1 gy transgenes have been shown to simulate the path-
ological features of AD patients (Gotz et al. 2018). All animals
were housed with a reversed 12:12 h light/dark cycle and
food/water available ad libitum. The mice were randomly
assigned into three groups (n=8 in each group):
nontransgenic mice (NT), APP/PS1 transgenic mice (Tg)
treated with saline, and APP/PS1 transgenic mice treated with
orientin (Tg + Ori). The NT and Tg groups were injected
intraperitoneally with 0.5 ml saline daily. The Tg + Ori group
was treated intraperitoneally with 10 mg/kg orientin in 0.5 ml
saline daily. All groups were injected for 30 days.

Reagents

Orientin (purity >99%) was purchased from Chengdu Must
(Chengdu, China). Rabbit anti-LC3, anti-Beclin-1, and mouse
anti-LAMP2 antibody were from Proteintech (Wuhan,
China). Rabbit anti-p62, anti-Ulkl and anti-Ctsd antibody
were from Wanleibio (Shenyang, China). Mouse anti-Af3 an-
tibody was from CST (MA, USA).

Morris Water Maze Behavior Test

The spatial learning and memories of the mice were assessed
by the Morris water maze test. The maze consisted of a circu-
lar pool (diameter of 125 cm) filled with water (20-22 °C) and
a digital camera tracker system. A vitreous cylindrical plat-
form (diameter of 7 cm) was placed in the center of quadrant
1. During the acquisition training phase (day 1 to day 8), each
mouse carried out 4 x 120 s trials per day. The mice were
released into the pool at different quadrants in each 120 s trial.
If the mouse could not find the platform in 120 s, they were
guided to it. Mice were allowed to sit on the platform for 15 s
to enhance their memory after reaching the platform. The time
from when the mice got into the water to when they found and
sat on the platform was recorded as escape latency. On day 1
to day 3, the platform was set 1 cm above the surface of the
water, and it was set 1 cm below the surface of the water on
day 4 to day 8. Probe trials in which the platform was removed
were administered 24 h after the training trials, and every
mouse was given one 120-s trial to swim in the pool. The
previous platform location was recognized as the target zone.

Western Blotting

Total protein lysates were extracted from mouse hippocampi
in lysis buffer. Then, 30 pg of protein was separated with
SDS-PAGE gels and transferred onto PVDF membranes.
The membranes were blocked in 5% bovine serum albumin
(BSA) and then incubated overnight at 4 °C with the follow-
ing primary antibodies: anti-LC3, anti-p62, anti-Beclin-1, an-
ti-Ctsd, and anti-Ulk1. After being washed with TBST three
times, the membranes were incubated with HRP-conjugated
secondary antibody for 1 h at room temperature. The mem-
branes were washed three times again before chemilumines-
cent development with ECL substrate. Images were captured
with a BioSpectrum imaging system. The immunoblot bands
were analyzed with ImagelJ software.

Immunohistochemical Staining

Animals were perfused transcardially with normal saline
(0.9% NacCl), and their brains were excised. One hemisphere
was fixed in 4% paraformaldehyde and then embedded in
paraffin, and the coronal sections were cut with a microtome.
The other hemisphere was microdissected to separate the hip-
pocampus and frozen in a — 80 °C refrigerator. Brain sections
were dewaxed with xylene, dehydrated with an ethanol gradi-
ent, and then incubated with boiled 0.1 mmol/L sodium citrate
for antigen retrieval. The sections were incubated in H202,
permeabilized with Triton X and then blocked with normal
serum prior to incubation with anti-A{3 (1:200), anti-LC3
(1:200), and anti-LAMP2 (1:100) antibodies at 4 °C over-
night. The primary antibody-labeled sections were then
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incubated with biotin-labeled secondary antibody, and follow-
ing stained with a DAB staining kit, appropriate Alexa Fluor
488- or Alexa Fluor 594-labeled secondary antibodies. Nuclei
were counterstained with hematoxylin or DAPI and imaged
with an epifluorescence microscope. Staining was quantified
using Image] software.

Statistical Analysis

Data were analyzed using SPSS 16.0. Comparisons among
groups were performed using one-way ANOVA followed by
Tukey’s HSD or Student-Newman-Keuls post hoc test. Linear
relationships between two variables were analyzed by
Pearson’s correlation analysis. The results are expressed as
the mean + SD. Values of P<0.05 indicated statistical
significance.

Results
Orientin Treatment Improves Cognition in AD Mice

The Morris water maze test was conducted to assess spatial
learning and memory. Escape latency apparently decreased
over time among the three groups during the training trials.
The escape latency of the NT group was significantly lower
than that of the Tg group, and Ori treatment reduced the es-
cape latency of the Tg mice (Fig. 1a). In addition, there were
no significant differences in the average swimming speeds of
the three groups (Fig. 1b), and the platform was removed to
test spatial reference memory 24 h after the last training trials.
Spatial reference memory was assessed by the number of
times a mouse entered the target zone and the time the mouse
spent in it. The number of times the mice entered the target
zone and the time they spent in it were significantly greater in
the NT and Tg + Ori groups than in the Tg group (Fig. 1c and
d). Together, these data suggest that Ori treatment significant-
ly improved spatial learning and memory in APP/PS1 mice.

Effects of Orientin on the Autophagy-Lysosomal
Signaling Pathway in the Hippocampi of AD Mice

Autophagy is involved in AD development. To evaluate the
level of autophagy in AD mice, we examined the autophagy-
related proteins LC3, p62, Beclin-1, Ulk1, and Ctsd by west-
e blotting (Fig. 2a—d). Tg mice exhibited elevated LC3-II
and LC3-II/I ratios and p62 and Ctsd levels compared with
those in the NT group. Ori treatment significantly decreased
the ratio of LC3-1I/I and the levels of LC3-I1, p62, and Ctsd in
APP/PS1 mice compared to those in untreated mice. The
levels of Beclin-1 and Ulkl were not significantly different
between any of the groups. Immunofluorescent staining (Fig.
2e—g) showed an increased Pearson’s correlation coefficient
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for LC3 and LAMP2 (which are associated with the
autophagosome and lysosome, respectively) and elevated
levels of double-positive vesicles (LC3-LAMP2 double-
positive vesicles are associated with autolysosome.) in APP/
PS1 mice compared to those in control mice. Ori treatment
reduced the levels of LC3-II, p62, and Ctsd; the Pearson’s
correlation coefficient; and the LC3-LAMP2-positive vesicle
area in APP/PS1 mice. Together, these results showed the
accumulation of autolysosomes in APP/PS1 mice and that
Ori treatment decreased the accumulation of autolysosomes.

Orientin Treatment Reduces the Amyloid Plaques
in AD Mice

We asked whether Ori could help degrade A3 and alleviate its
deposition in the brain. The expression of brain amyloid
plaques was measured by immunohistochemical staining
and semiquantified by determining the percentages of sections
positively labeled by A3 antibody. A3 immunopositivity was
almost absent in the cortices and hippocampi of mice in the
NT group and significantly increased in those in the Tg group
(Fig. 3). After 30 days of Ori treatment, the A3 burden in the
cortex and hippocampus was significantly decreased. These
data suggested that Ori treatment effectively decreased the A3
load in the cortices and hippocampi of APP/PS1 mice.

Discussion

In this study, we demonstrated that Ori treatment enhanced
autophagic clearance and decreased the abnormal accumula-
tion of autolysosomes to ameliorate autophagy dysfunction,
leading to decreased brain A3 deposition and improved learn-
ing and memory in APP/PS1 transgenic mice.

Autophagy is a key cellular self-digestion pathway that is
responsible for the systematic degradation and recycling of
harmful components, such as long-lived proteins, protein ag-
gregates, and impaired organelles (Mizushima and Komatsu
2011). Healthy mammalian cells show a low basal level of
highly efficient autophagy, which is essential for neuronal
homeostasis (Boland et al. 2008). Autophagy is a dynamic
process involving induction, autophagosome formation, the
fusion of autophagosomes with lysosomes to form
autolysosomes, and final digestion by proteases to generate
amino acids and energy. Mounting evidence indicates that
autophagy dysfunction is closely related to neurodegenerative
diseases that show abnormally aggregated proteins, such as
AD (Nixon et al. 2005). The accumulation of abnormal
autolysosomes has been observed in AD patients and AD
models (Boland et al. 2008; Bordi et al. 2016). Furthermore,
the impaired autophagy pathway is increasingly regarded as
an important contributor to the pathogenesis of AD.
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Fig. 1 Orientin treatment
improves cognition in APP/PS1
mice. a Spatial learning and
memory were assessed by the
measurement of escape latency. b
Average swimming speed was
assessed. ¢ The number of times
mice entered the target zone in the
probe trail. d The time mice spent
in the target zone during the 120 s
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Therefore, positively regulating autophagy is a strategy for
AD treatment (Boland et al. 2018).

Autophagy flux is controlled by the balance between
autophagosome formation and autophagic degradation. In
the healthy brain, autophagy is constitutively active, and
the clearance of the autophagosomal-lysosomal pathway is
highly efficient to prevent autophagic substrate accumulation
(Boland et al. 2008). LC3 is a biomarker for autophagic
structures. During autophagosome formation, the soluble cy-
toplasmic form of LC3-I is converted to LC3-II, and the
latter is mainly associated with autophagic membranes and
essential for cargo gathering (Karim et al. 2007). The
amount of LC3-II and the ratio of LC3-II/T indicate changes
in autophagy activity (Karim et al. 2007). p62 is a ubiquitin
protein that serves as a bridge in autophagic protein gather-
ing by connecting LC3-II and autophagic substrates
(Bjorkoy et al. 2005). LC3-1I and p62 are degraded by hy-
drolase at a later step in autolysosomes. In the current study,
Tg mice showed an elevated ratio of LC3-II/I and the in-
creased expression of LC3-II and p62 compared with their
expression in the control group, indicating increased autoph-
agy flux, or a block in fusion or degradation in AD animals,
which is consistent with previous research (Bordi et al.
2016; Lee et al. 2014; Zhang and Zhao 2015). We next
examined the level of Beclin-1, which is a component of a

| * *
NT T

NT

A

Tg+Ori

W
1

"W
1

Time (s8)
o -

g Tg+Ori NT Tg

—
uQ

kinase complex responsible for autophagy induction that in-
dicates the formation of autophagosomes (Cao and Klionsky
2007). Pickford et al. (2008) showed that Beclin-1 protein
levels are decreased in AD patients; however, some other
studies indicated that Beclin-1 is unchanged in AD animals
and patients (Bordi et al. 2016; Lee et al. 2014; Zhang and
Zhao 2015). This difference may be due to the use of dif-
ferent models and the procession of AD. In this study, the
protein expression of Ulkl and Beclin-1 was no different
among the groups, indicating that autophagy induction and
autophagosome formation were not increased in APP/PS1
transgenic mice. Thus, we evaluated autophagic degradation
by measuring the expression of Ctsd, which is an aspartyl
lysosomal protease and essential to autophagy substrate deg-
radation (Vidoni et al. 2016). Abnormally elevated levels of
Ctsd were reported in the hippocampi of AD patients and
AD animals (Bordi et al. 2016; Lee et al. 2014; Zhang and
Zhao 2015). In this study, the level of the mature form of
Ctsd (approximately 31-33 kDa) (Vidoni et al. 2016) was
increased in APP/PS1 mice, indicating an elevated number
of lysosomes or autolysosomes. Shin et al. showed the ac-
cumulation of autophagosomes in the brains of AD animals,
which was due to impaired fusion with lysosomes; thus,
enhancing the fusion of autophagosomes with lysosomes
could promote autophagosome clearance (Shin et al. 2014).
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Fig. 2 Effects of orientin on the
autophagy-lysosomal signaling
pathway in the hippocampi of AD
mice. a-d Protein expression and
quantification of LC3, p62,
Beclin-1, Ulkl, and Ctsd. e
Immunofluorescent staining for
LC3 (red) and LAMP2 (green) in
CA1 hippocampal neurons (X
400). f Pearson’s correlation
coefficient for LC3 with LAMP2.
¢ Quantitative analysis of LC3
and LAMP2 double-positive
vesicles (autolysosomes). n=4—
6,*P< 0.05,™P< 0.01 vs NT;
*P< 0.05, *P <0.001 vs Tg
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Fig. 2 (continued)

However, others demonstrated that impaired lysosomal func-
tion impeded autolysosome clearance and led to
autolysosome accumulation in AD models and patients
(Bordi et al. 2016; Lee et al. 2010; Wolfe et al. 2013). In
this study, immunofluorescence staining showed the accu-
mulation of autolysosomes in AD mice. Thus, the elevated
expression of LC3, p62, and Ctsd is derived from a block in
the degradation of autolysosomes in APP/PS1 mice, rather
than through increased autophagy flux or a block in the
fusion between autophagosomes and lysosomes. AD ani-
mals showed obstructed autolysosome clearance that thus
led to an accumulation of autolysosomes (Bordi et al.
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2016; Lee et al. 2010; Wolfe et al. 2013). In this study,
Ori treatment reduced the protein expression of LC3, p62,
and Ctsd and autolysosome levels. Our results indicate that
Ori treatment decreased autophagic accumulation through
promoting autolysosome clearance.

A deposition is one of the main pathological markers of
AD (Karran etal. 2011). A3 impairs the autophagic lysosomal
pathway, decreases autophagic degradation and leads to the
accumulation of autophagic vesicles (Silva et al. 2011).
Meanwhile, impaired autophagic flux exacerbates A3 produc-
tion and secretion (Nilsson and Saido 2014; Yu et al. 2005),
which involves a vicious cycle between A3 generation and
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Fig. 3 Orientin treatment reduces a
amyloid plaques in APP/PS1
mice. a: Brain sections were
stained with an anti-Af3 antibody
(% 40); b: The percentages of
areas stained with A3 antibody
were measured in the
hippocampus and cortex. n =4-6,
#P<0.01vsNT; *P< 0.05, **P
<0.01vsTg
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autophagic defects. Our results showed a great number of A3
plaques in the cortices and hippocampi of APP/PS1 mice.
After Ori treatment, the A3 burden in the cortex and hippo-
campus was significantly decreased. Our data suggest that Ori
could increase A3 degradation by promoting autophagic
clearance.

However, there are also some shortcomings in this
study. First, multiple doses of Ori were not used, and
the dose-dependent response to Ori has not been explored
because transgenic mice are not easily available. In addi-
tion, the multiple pharmacological effects of Ori have not
been explored. Ori exhibits anti-oxidant, anti-aging, anti-
inflammatory, and antidiabetic properties. These medici-
nal properties closely correspond to AD pathological
changes and might be responsible for the results of this
study. In summary, our results demonstrated that Ori ex-
hibited neuroprotective effects through enhancing
autolysosome clearance, decreasing brain A3 deposition,
and improving learning and memory in APP/PS1 trans-
genic mice. Therefore, Ori might be a promising candi-
date agent for the treatment of AD.
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