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Abstract

Background/Aims: Alzheimer disease (AD) is a common neurodegenerative disease that
is characterized by the deposition of beta-amyloid peptide and formation of intracellular
neurofibrillary tangles. Due to the failure of various clinical trials of novel drugs for AD, effective
drugs for AD treatment are urgently required. Methods: In this study, we used the classic APP/
PS1 mouse model to explore the neuroprotective effects of a new compound, bajijiasu, and
the mechanisms involved. Behavioral tests and western blotting were performed to assess
the beneficial effects of bajijiasu in APP/PS1 mice. Results: Morris water maze and Y-maze
test results showed that oral administration of bajijiasu (35 mg/kg/day and 70 mg/kg/day)
improved learning and memory abilities in APP/PS1 mice. Bajijiasu reduced ROS and MDA
levels in both the hippocampus and cortex. Moreover, western blotting results showed that
bajijiasu protected neurons from apoptosis, elevated the expression levels of neurotrophic
factors, and alleviated endoplasmic reticulum stress in both the hippocampus and cortex.
Conclusion: These results indicate that the mechanisms underlying the effects of bajijiasu
on AD might be related to beta-amyloid-downstream pathologies, particularly endoplasmic

reticulum stress. © 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Alzheimer disease (AD), the most common neurodegenerative disorder, is defined by
slowly progressing cognitive impairment and memory loss [1]. At the neuropathological
level, AD is characterized by widespread oxidative stress, neuroinflammation, aggregation,
and deposition of misfolded proteins, particularly aggregated -amyloid (Af) peptide [2]
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neuropathology. Unfortunately, all phase III clinical trials testing therapeutics directed at
the neuropathological substrates of AD (i.e., AB) have failed [10, 11]. Therefore, novel drugs
are urgently required to treat this complex disease. Additionally, amyloid deposits and
tangles trigger subsequent pathologies, such as synaptic degeneration, oxidative stress,
neuroinflammation, neurite degeneration, and endoplasmic reticulum (ER) stress [12-14].
These pathologies can themselves form vicious cycles and accelerate disease progression
[15-17]. Thus, multiple targeted treatments are needed.

Morinda officinalis is a common medicinal herb in Southern China. It is a component
herb that contains some potential active ingredients, including hexasaccharide and
heptasaccharide, which have been shown to attenuate symptoms of depression [18-21].
Bajijiasu (previously known as bajisu), which is isolated from Morinda officinalis, has a
dimeric fructose structure [(-D-fructofuranosyl (2-2)] (Fig. 1). Bajijiasu has been shown
to be effective in ameliorating disease and pathological mechanisms such as oxidative
stress [22, 23], reinforcing population spikes and long-term potentiation [19], attenuating
D-galactose-induced cognitive dysfunction in mice, and protecting against neuronal damage
or death induced by ischemia. Bajijiasu can also protect against AR, ,.-induced neurotoxicity
in PC12 cells [24]. The protective effects of bajijiasu might involve enhanced anti-oxidative
abilities, elevated intracellular Ca*concentrations, and reduced neuronal apoptosis [25].
These results indicate that bajijiasu plays an effective role in protecting against neuronal
damage or death. However, we still have limited knowledge on the mechanisms involved.

In this study, we investigated the effect of bajijiasu on cognitive dysfunction in APP/PS1
mice. We treated the mice with bajijiasu (35 mg/kg/day and 70 mg/kg/day) for 4 weeks and
evaluated the cognitive dysfunction. We explored the neuroprotective effects and levels of
oxidative and ER stress.

o CHL0H CH,0H

HOH,C CH,OH

Materials and Methods

Materials

Bajijiasu (purity > 98%) was extracted from Morinda officinalis root and donated by College of
Chinese Material Medical, Guangzhou University of Chinese Medicine (Guangzhou, China). The purity of the
compound was analyzed by high-performance liquid chromatography as previously described [22].Primary
antibodies—PKR-like ER kinase (PERK), phosphorylated PERK (P-PERK), inositol-requiring enzyme (IRE-
1a), phosphorylated IRE-1a (P-IRE-1a), phosphorylated eukaryotic initiation factor 2 (P-elF-2a), eukaryotic
initiation factor 2 (elF-2a), binding immunoglobulin protein (BIP), protein-disulphide isomerase (PDI), C/
EBP homologous protein (CHOP), nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), Bcl-
2, and caspase-3—were purchased from Cell Signaling Technology, Inc. Anti-Bax antibody was purchased
from Santa Cruz Biotechnology, Inc. Anti-f-actin was purchased from Sigma-Aldrich. All secondary
antibodies (horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG) were purchased from
Cell Signaling Technology, Inc. All other reagents were of the highest grade available commercially.

Animals and treatment
APP/PS1 (APPswe/PSEN1dE9) double Tg mice were purchased from the Model Research Centre of
Nanjing University, with wild-type mice (non-Tg mice) with the same background and age used as a control
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group. Animals were housed at a standard temperature (22 + 2 °C) with automatic light cycles (12-h light/
dark) and a relative humidity of 40-60 %. All procedures involving mice were performed according to the
protocols of the Guiding Principles for the Care and Use of Laboratory Animals adopted and promulgated by
the United States National Institutes of Health. Eight-month-old mice were randomly divided into 4 groups:
the vehicle control group (wild-type [WT], 0.9% saline, n = 10), APP/PS1 group (n =10), low-dose bajijiasu
group (APP/PS1, bajijiasu 35 mg/kg/day, n = 10), and high-dose bajijiasu group (APP/PS1, bajijiasu 70
mg/kg/day, n = 10). Mice were treated with saline or bajijiasu by gavage once a day for 4 weeks.

Morris water maze test

Spatial learning-memory ability was assessed by the Morris water maze, performed according to the
Morris method [26]. The water maze equipment (Guangzhou Feidi Biology Technology Co., Ltd., Guangzhou,
China) consisted of a black circular tank filled with water at 24°C, a hidden platform, and a recording
system. The pool was spatially divided into 4imaginary quadrants (target, opposite, left, and right) by a
computerized tracking/image analyzer system. A circular transparent escape platform (10 cm diameter)
was positioned 1-2 cm below the opaque water surface in the middle of the target quadrant of the pool.
The learning and memory abilities of mice were assessed using the Morris water maze test in a dark room.
Mice were given orientation navigation tests for 6 consecutive days. Before the measurement, mice were
trained once to find the platform. For each daily trial, there were 4 sequential training trials beginning with
placement of the animal in the water facing the wall of the pool with the drop location changing for each
trial randomly; the recording system then started to record the time. The escape latency and the swim path
tracking until the mice landed on the platform were recorded on video tape. If the mouse failed to locate
the platform within 60 s, it was guided to the platform and kept there for 10 s. For the probe trials, the mice
were allowed to swim freely in the pool for 60 s with platform removal. The time required to cross to the
original platform position, the time spent in the target quadrant, and the swimming speed were measured.

Y-maze tests

Y-maze tests were used to assess cognitive changes, short-term spatial working memory (by
spontaneous alternation), and exploratory activity (by total number of arm choices) of mice placed into a
black Y-maze [27, 28]. The Y-maze is a three-arm horizontal maze (40 cm long and 10 cm wide with 12-cm-
high walls) in which the arms are symmetrically disposed at 120° angles from each other. The task was
carried out on day 1 of the behavioral tests. Mice were placed at the end of one arm and allowed to move
freely through the maze during a 5-min session. Alternation was defined as successive entries into the three
arms on overlapping triplet sets. The number of total arm choices and the sequence of arm choices were
recorded. The percent alternation is defined by the proportion of arm choices differing from the last two
choices. Before each trial, the interior of the maze was sprayed with a 70% ethanol solution to erase any
scent cues.

Reactive oxygen species and malondialdehyde levels

The tissues were centrifuged at 12, 000 xg for 10 min at 4 °C with ice-cold saline. We used the
supernatant to detect the levels of reactive oxygen species (ROS) and malondialdehyde (MDA). ROS were
measured using the radiosensitive fluorescent dye DCFH-DA. In the presence of ROS, nonfluorescent DCFH-
DA converts to fluorescent dichlorofluorescein (DCF), which is measured on a microplate reader. The
fluorescence emission intensity of DCF (538 nm) was measured in response to 485 nm excitation. The level
of intracellular ROS is expressed as the percentage of control cultures incubated in DCFH-DA. The level of
MDA was detected according to the manufacturer’s instructions. The absorbance was read at 550 nm using
a Universal Microplate Spectrophotometer (Bio-Rad, Hercules, CA, USA).

Western blot analysis

Western blotting was used to analyze the levels of proteins, including ER-related proteins, apoptosis-
related proteins, and synapse-related proteins. The tissues were homogenized and lysed in sample buffer
(0.5 M Tris/HCI pH 6.8, 50 % glycerol, 10 % sodium dodecyl sulphate [SDS], 1:100 inhibitor proteases,
and a phosphatase cocktail). We centrifuged the lysate at 12, 000 xg for 10 min at 4 °C and then boiled
it at 100 °C with 1:4 loading buffer. The lysate (30 pg protein) was fractionated by SDS-polyacrylamide
gel electrophoresis and then transferred onto 0.2-puM polyvinylidene fluoride sheets (PVDF) membranes.
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After being blocked with 5% skim milk dissolved in TBST for 1 h at room temperature, transferred PVDF
membranes were incubated at 4 °C overnight with the antibodies, including anti-PERK, anti-P-PERK, anti-
IRE-1q, anti-P-IRE-1q, anti-elF-2«, anti-P-elF-2«, anti-BIP, anti-PDI, anti-CHOP, anti-BDNF, anti-NGF, anti-
Bax, anti-caspase-3, anti-Bcl-2, anti-Bax, and mouse anti--actin. The membrane was then incubated with

secondary antibody (anti-rabbit or anti-mouse) for 1.5 h at room temperature. Protein loading was detected
by using super-enhanced chemiluminescence reagent (Applygen Technologies Inc., Beijing, China).

Statistical analysis

Experimental values are presented as the mean * standard error of the mean (SEM). All statistical
analyses were performed with SPSS 19.0 statistical software (IBM, Endicott, NY). Two-way analysis of
variance was applied to analyze differences in data for the biochemical parameters among the different

groups, followed by Dunnett’s significant post-hoc test for pair-wise multiple comparisons. The level of
statistical significance for all tests was P < 0.05.

Results

Bajijiasu rescues cognitive deficits in APP/PS1 mice
As shown in Fig. 2, the Morris water maze test demonstrated the effect of bajijiasu

on cognitive deficits
in APP/PS1  mice.
Compared with the
WT control group, the
incubation period was
markedly longer in the
APP/PS1 group. After
bajijiasu treatment, the
mice in the high-dose
group spent less time
in the water than those
in the APP/PS1 group
(Fig. 2A). The change
in the total swimming
distance in each group
was similar to the
change observed for
the latency period (Fig.
2B). On the seventh
day, we conducted the
probe trial with the
platform removed,
allowing the mice to
swim freely, to estimate
their spatial working
memory. The mice in
the APP/PS1 group
spent less time in the
targetquadrantand had
shorter crossing times
than those in the WT
group (Fig. 2C and 2D).
The bajijiasu-treated
groups had longer
platform crossing
times and spent more
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Fig. 2. Bajijiasu ameliorates cognitive dysfunction in behavioral testing in
APP/PS1 mice.(A) Escape latency of five consecutive daily tests. (B) Swim-
ming paths of the respective groups on the first and fifth day. (C) Target plat-
form crossing times in the probe trial. (D) Time spent in the target quadrant
in the probe trial. (E) Swimming speed in the probe trial. (F) Percentage
alternation in the Y-maze test. WT: wild-type; LOW: bajijiasu (35 mg/kg/
day); HIGH: bajijiasu (70 mg/kg/day). Data represent the mean * SEM (n
= 10 per group). *P<0.05, #P<0.01, ##P<0.001 vs. WT; *P<0.05, **P<0.01,
***P<0.001 vs. APP/PS1.
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time in the target quadrant
than those in the APP/
PS1 group. The average
swimming speed  was
similar among all groups
(Fig. 2E, P > 0.05). Cognitive
ability was also determined
as the percentalternation
in the Y-maze. The results
showed that the mice in the
APP/PS1 group had a lower
percentage of alternation
than the WT group
(Fig. 2F). After bajijiasu
treatment, the percentage
was significantly improved
when compared with the
APP/PS1 group (Fig. 2F).

Bajijiasu alleviates

oxidative stress in the

brain of APP/PS1 mice

To determine the effect
of bajijiasu on oxidative
stress status, we tested the
levels of MDA and ROS in
both the hippocampus and
cortex. The levels of MDA
and ROS were higher in
the APP/PS1 group than in
the WT group. The levels
of MDA and ROS were
decreased sharply after
4-week oral administration
of bajijiasu compared with
the APP/PS1 group (Fig. 3A
and B).

Bajijiasu decreases

neuronal apoptosis in

APP/PS1 mice

As shown in Fig.
4A and B, we tested the
state of apoptosis in the
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Fig. 3. Bajijiasu
attenuates oxi- A
dation stress in
APP/PS1 mice.
(A) Level of
MDA in both the
hippocampus S
and cortex. (B)
Level of ROS in
both the hippo-
campus and cor-
tex. WT: wild- & ¢ &
type; LOW: ba-
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kg/day); HIGH: bajijiasu (70 mg/kg/day). Data represent the mean *
SEM (n = 10 per group). *P<0.05, #P<0.01, #*¥P<0.001 vs. WT; *P<0.05,

**P<0.01, ***P<0.001 vs. APP/PS1.
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hippocampus and cortex. The expression levels of the proapoptotic proteins Bax and cleaved
caspase-3 increased while that of Bcl-2 (an inhibitor of apoptotic proteins) decreased in
APP/PS1 when compared with the WT group. Administration of bajijiasu increased Bcl-2
expression and decreased Bax and cleaved caspase-3 expressions compared with the APP/

PS1 group.

Bajijiasu increases neurotrophic factor levels in APP/PS1 mice
As shown in Fig. 5, the protein expressions of the neurotrophic factors NGF and BDNF
were sharply decreased in APP/PS1 mice compared with the WT group. After treatment
with bajijiasu, the levels of NGF and BDNF returned to the normal level (Fig. 5A and B) in

KARGER



http://dx.doi.org/10.1159%2F000488414

Cellular Phy5|o|ogy Cell Physiol Biochem 2018;46:107-117
DOL 10.1120000488414
and B|ochem|stry Published online: March 23, 2018

Xu et al.: Bajijiasu Ameliorates ER Stress in AD

www.karger.com/cpb

© 2018 The Author(s). Published by S. Karger AG, Basel

Fig. 5. The effect of bajijiasu on [ o

neurodegeneration
mice. Western blotanalysis of NGF
and BDNF in the hippocampus
(A) and cortex (B). WT: wild-type;
LOW: bajijiasu (35 mg/kg/day);
HIGH: bajijiasu (70 mg/kg/day).
Data represent the mean * SEM (n
=10 per group). #P<0.05, #P<0.01,

###P<0.001  wvs.

**P<0.01, ***P <0.001 vs. APP/PS1.

Fig. 6. Bajijiasu
ameliorates
doplasmic reticu-
lum (ER) stress
in APP/PS1 mice.
(A) Expression
of ER-associated
proteins in the
hippocampus and
cortex. (B) Ex-
pression of PKR-
like ER (PERK),
phosphorylated
PERK (P-PERK),
binding immuno-
globulin protein
(BIP), inositol-
requiring enzyme
(IRE-1a), and
phosphorylated
IRE-1a (P-IRE-
1a) in the hippo-
campusand
tex. Expression of
proteins related
to apoptosis in

en-

cor-

the ER: protein-disulfide isomerase (PDI), C/EBP homologous protein (CHOP), initiation factor 2« (elF-2a),
and phosphorylatedelF-2a(P-elF-2a) in the hippocampus (C) and cortex (D).WT: wild-type; LOW: bajijia-
su (35 mg/kg/day); HIGH: bajijiasu (70 mg/kg/day). Data represent mean the + SEM (n = 10 per group).
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both the hippocampus and cortex.These results indicated that bajijiasu could ameliorate
neurodegeneration in APP/PS1 mice.
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Bajijiasu attenuates ER stress in APP/PS1 mice

We next measured the levels of two ER stress transducers, PERK and IRE-1«, and the
expression of the chaperone BIP (Fig. 6A and B). There was an increase in the active forms
of the effectors of the unfolded protein response (UPR;i.e., P-PERK, P-IRE-1a) and in BIP in
the APP/PS1 group compared with the WT group, but a decrease after the administration of
bajijiasu. To further evaluate the consequences of ER stress, we studied the expression levels
of CHOP, PDI, and elF-1a. Both CHOP and P-elF-1a were higher in APP/PS1 mice than in
WT mice, but decreased after the bajijiasu intervention. The expression of PDI significantly
decreased in APP/PS1 mice, but increased in the bajijiasu groups in both the hippocampus
and cortex (Fig. 6C and D). These results indicated that bajijiasu could attenuate ER stress in
APP/PS1 mice.

Discussion

In this study, we demonstrated that bajijiasu is able to mitigate cognitive dysfunction in
APP/PS1 mice. Our experiments involved 4-week oral administration of bajijiasu to 8-month-
old mice. The results indicated that bajijiasu ameliorates learning and memory abilities and
that the neuroprotective effects of bajijiasu on cognitive dysfunction in APP/PS1 mice are
related to protection against apoptosis, oxidative stress, and ER stress (Fig. 7).

The ER, the organelle in eukaryotic cells, is responsible for protein folding and transport.
When proteins become misfolded in the ER, the UPR is elicited to maintain homeostasis [29,
30]. ER stress and activated UPR signaling are detected in the brains of both AD patients and
AD animal models [31, 32]. AD is a very complex disease caused by a complicated interaction
among genetic and environmental factors [33].The amyloid hypothesis suggests that accu-
mulation of Af in the brain is critical to AD pathogenesis. Numerous studies have demon-
strated that A disturbs the function of the ER, leading to the accumulation of unfolded pro-
teins in the ER and resulting in ER stress, which
triggers the UPR [34-38]. Considerable evidence
demonstrates that the occurrence of AD muta-
tions is closely related to ER stress. PERK and
elF-2a are positively correlated with Af plaque
aggregation in the brains of AD patients and
APP/PS1 mice [14, 39-41]. Molecular altera-
tion in translational machinery through phos- :
phorylation of elF-2a may play a key role in the g
pathogenesis of neurodegenerative diseases g
[40, 42]. Accordingly, we hypothesized that
bajijiasu, a potential therapy for AD, may help

to ameliorate cognitive dysfunction related (l;

APP/PS1

nseififeg

to AP and ER stress. There is a strong resem- =
blance between PERK and IRE-1a: both have '
a cytoplasmic kinase domain involving serine/
threonine kinase and an N-terminal luminal A
domain [42]. Moreover, PERK and IRE-1a are fnroe
activated through a similar mechanism, which  Fig. 7. Schematic summary illustrating bajijiasu
demands oligomerization of monomers into  amelioration of endoplasmic reticulum stress,
dimers or higher structures [43]. When the  oxidative stress, and apoptosis induced by
level of unfolded and misfolded proteins in the  B-amyloidin APP/PS1 mice. A characteristic of
ER is sufficiently high, the ER chaperone pro-  Alzheimer disease is the aggregation of B-amyloid
tein BIP is titrated away from PERK/IRE-la  (AB) peptide. AP aggregation can induce ER
monomers [42, 44]. stress, oxidative stress, and apoptosis in the brain

In this study, we found higher expression  of APP/PS1 mice. Bajijiasu ameliorates ER stress,
levels of P-PERK (an ER stress sensor),P-IRE-  oxidative stress, and neurotoxicity induced by
1a,P-elF-2a, and BIP in the hippocampus and  Ap.
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cortex of the APP/PS1 group than the WT group, which demonstrates that the brain of APP/
PS1 mouse is under ER stress conditions. ER stress was attenuated by bajijiasu treatment,
which was accompanied by high expression of PERK. Above all, we can prove the occurrence
of ER stress in the brain of APP/PS1 mice. After 4-week administration of bajijiasu, these
proteins returned to the normal level, which demonstrate the attenuation of ER stress.
When ER stress is prolonged or overwhelming, the UPR fails to restore ER homoeostasis
and the apoptotic cascade is activated [45, 46]. Long-term activation of the PERK/elF-2a
signaling pathway will induce upregulation of the proapoptotic transcription factor CHOP,
indicating apoptosis. This apoptosis in APP/PS1 mice is accompanied by high expression
of CHOP and low expression of PD], indicating the activation of PERK/elF-2a, an apoptotic
signaling pathway related to ER stress. Moreover, the neurotoxicity of A induces synaptic
dysfunction and apoptotic and necrotic cell death [47, 48]. In this study, the expression
levels of Bax/Bcl-2 and cleaved caspase-3/pro-caspase-3 were significantly higher in APP/
PS1 mice. Compared with the APP/PS1 group, bajijiasu groups showed apoptosis inhibition.
These results demonstrate that bajijiasu can attenuate AB-induced ER stress and apoptosis.

Hippocampal and cortical neurons are the most severely affected cells in AD [49]. AB
exerts strong detrimental effects by inducing excitotoxicity [50] and synaptic dysfunction
[51-53]. Synapses, composed of presynaptic axonal terminals and postsynaptic dendritic
spines [54, 55], mediate the transmission of information between neurons. NGF and
BDNF carry out a variety of actions in these neurons and are involved in the clinical and
pathophysiological signs of AD [56, 57]. A reduction in neurotrophin levels occurs in some
areas of the CNS in AD [58]. Here, a significant reduction was found in NGF and BDNF in the
hippocampus and cortex of APP/PS1 mice. Neurotrophic factors have been used in clinical
trials to prevent or reduce neuronal cell loss or to improve hippocampus neurogenesis in
adult and aged male rats [59]. After treatment with bajijiasu, the expression levels of NGF
and BDNF were increased in both the hippocampus and cortex compared with the APP/PS1
group. The restoration of neurotrophic factor levels demonstrates the recovery of neuronal
function and the protective effect of bajijiasu in neurodegeneration diseases.

The brains of AD patients are exposed to oxidative stress during the process of the
disease [60]. AP peptides exacerbate the overexpression of ROS, which damage proteins,
DNA, lipids, and other compounds [19, 61]. Many studies consider oxidative stress and
ER stress as closely linked events playing crucial roles in cell homeostasis and apoptosis
[62, 63]. As shown here, ER stress response can alter the cellular respiration and perturb
mitochondrial bioenergetics, inducing ROS overproduction [64]. Long-term activation of ER
stress with ROS generation activates cell death [65]. MDA is a naturally occurring organic
compound that is a marker of oxidative stress [66]. In this study, administration of bajijiasu
robustly decreased ROS and MDA levels, demonstrating the ability of bajijiasu to inhibit the
formation of reactive oxygen radicals and eliminate lipid-free radicals. The occurrence of
oxidative stress mediates damage to neurons and eventually leads to dramatic neuronal loss
and cognitive dysfunction [67]. Our results showing that bajijiasu improves the learning
and memory abilities of APP/PS1 mice might be related to its ability to ameliorate oxidative
stress.

In this study, we showed the neuroprotective effects of bajijiasu on cognitive dysfunction
in APP/PS1 mice. We also determined that the underlying mechanism might be related to
AB and downstream pathologies such as ER stress. However, given the complexity of AD
pathology and its uncertain pathogenesis, we need to obtain a more complete and deeper
understanding of the effect of bajijiasu on AD.
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