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Investigation of the neuroprotective effects of Lycium barbarum
water extract in apoptotic cells and Alzheimer's disease mice
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Abstract. Alzheimer's disease (AD) affects people worldwide
and is caused by chronic and progressive damage to the central
nervous system. Lycium barbarum (LB), a renowned func-
tional food and medicinal plant in Southeast Asia, may possess
protective effects against nerve injury. The present study aimed
to investigate the neuroprotective effects of LB water extract in
a differentiated (D)PC12 cellular apoptosis model induced by
L-glutamic acid (L-Glu), and a mouse model of AD, induced
by the combination of AlICI; and D-galactose. LB markedly
increased DPCI12 cell survival against L-Glu induced damage
by increasing cell viability, reducing the apoptosis rate and G1
phase arrest, suppressing intracellular reactive oxygen species
accumulation, blocking Ca®* overload and preventing mito-
chondrial membrane potential depolarization. LB additionally
normalized the expression levels of apoptosis regulator Bcl-2,
apoptosis regulator BAX, and cleaved caspase-3, -8 and -9 in
L-Glu exposed cells. In the AD mouse model, LB increased
the amount of horizontal and vertical movement in the auto-
nomic activity test, improved endurance time in the rotarod
test and decreased escape latency time in the Morris water
maze test. Additionally, the levels of acetylcholine and choline
acetyltransferase were significantly increased in the serum
and hypothalamus in the LB-treated AD mice. These data
suggested that LB may exert neuroprotective effects and may
aid in preventing neurodegenerative disease.
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Introduction

Alzheimer's disease (AD) is caused by chronic and progressive
damage to the central nervous system. It has affected 60-65%
of people worldwide (1). One of the primary clinical mani-
festations reported in AD is a decline in cognitive function.
Patients with AD frequently succumb to the development of a
pulmonary embolism (2). However, the exact pathomechanism
of AD remains to be completely elucidated. The induction
of apoptosis in neurons has been proposed to be a potential
theory behind AD pathogenesis (3). Neurons exhibit apoptotic
features during the development of AD, including apoptotic
mitochondrial alterations (4). During mitochondrial apoptosis,
the accumulation of intracellular reactive oxygen species
(ROS) and calcium (Ca>") overload is observed (5), which
is responsible for functional and structural damage to brain
tissues. For research studies, injection of D-galactose (D-gal)
in combination with intragastric treatment with AICl; success-
fully decreased memory ability and has been used to establish
an animal model of AD (6).

Despite the considerable scientific manpower and
resources being devoted to developing novel AD therapies,
there are no adequate treatment options at present. Due to
their various biological responses, natural products have
become a novel repository for drug screening (7). For example,
Sparassis crispa polysaccharides exert neuroprotective effects
against L-glutamate (L-Glu)-induced cell damage via the
mitochondrial pathway of apoptosis (8). Hericium erinaceus
has been confirmed to have neuroprotective properties in
L-Glu-induced apoptotic differentiated (D)PC12 cells and
mouse models of AD (9).

Lycium barbarum (LB), a renowned functional food and
medicinal plant from Southeast Asia, exhibits immunoregula-
tory and neuroprotective properties (10). It has been reported
that polysaccharides separated from LB can prevent the
apoptosis of 6-hydroxydopamine-induced PC12 cells, in part
through regulation of the ROS-nitric oxide pathway (11). LB
polysaccharides can also protect retinal ganglion cells against
acute ocular hypertension induced ischemic injury (12).
Furthermore, LB polysaccharides exhibit neuroprotective
effects in differentiated PC12 cells against L-Glu induced
toxicity through the regulation of the mitochondrial pathway
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of apoptosis (8). The present study aimed to further investigate
the neuroprotective effects of LB and its underlying mecha-
nisms in DPC12 cells exposed to L-Glu and in an AD mouse
model established by AICIl; and D-gal. The results suggested
that LB may possesses beneficial effects against L-Glu-induced
toxicity via the mitochondrial pathway of apoptosis. The
therapeutic effects of LB on AD were confirmed through the
AD mouse model, and provide evidence for LB as a potential
functional food that may be administered to patients with a
neurodegenerative disease.

Materials and methods

LB water extract preparation. LB (acquired from Beijing
Tongren Tang Co., Ltd., Beijing, China) extract was obtained
by soaking in double distilled water at 90°C for 2 h twice. It
was subsequently concentrated and freeze-dried for further
experiments. LB was analyzed via 3,5-dinitrosalicylic acid
colorimetric estimation (13), phenol-sulfuric acid determi-
nation (13) and the Kjeldahl method (14). The constituents
were as follows: 9.2% total sugar; 1.9% reducing sugar; and
9.4% total protein.

Cell culture. PC12 cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco's modified
Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and supplemented with 10% fetal
bovine serum (FBS; Invitrogen; Thermo Fisher Scientific,
Inc.), 5% horse serum (Invitrogen; Thermo Fisher Scientific,
Inc.), 1% penicillin and 1% streptomycin, in a humidified
atmosphere containing 5% CO, at 37°C. Nerve growth factor
(NGF; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
at 20 ng/ml dissolved in DMEM (Invitrogen; Thermo Fisher
Scientific, Inc.) with 1% FBS (Invitrogen; Thermo Fisher
Scientific, Inc.) was applied for 48 h to differentiate cells.

MTT assay. DPC12 cells were seeded in 96-well plates at
1x10* cells/well. No LB, 200 or 400 pg/ml LB was applied
to pre-incubate DPC12 cells for 3 h prior to 24 h exposure
to 20 mM of L-Glu. An MTT assay (Sigma-Aldrich; Merck
KGaA) was used to determine cell viability. Following
incubation with MTT solution (0.5 mg/ml) for 3 h at 37°C in
darkness, 100 1 dimethyl sulfoxide was added to dissolve the
purple formazan. A micro-plate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) was used to detect the absorbance at
490 nm. Viability values of treated cells were expressed as a
percentage of that of corresponding control cells.

Assessment of caspase activity. DPC12 cells were seeded in
a six-well plate at a density of 3x10° cells/well. DPCI12 cells
were treated with no LB, 200 or 400 pg/ml LB for 3 h, prior to
co-incubation with or without 20 mM L-Glu for a further 24 h.
The activity of caspase-3 in the cell lysate was measured with a
caspase-3 activity assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Assessment of apoptotic rate and the cell cycle. DPCI12 cells
were seeded in a six-well plate at a density of 3x10° cells/well.
No LB, 200 or 400 ug/ml LB was applied to DPC12 cells for
3 h, prior to 24 h exposure to 20 mM L-Glu. The apoptotic
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rate and alterations in the cell cycle were measured using a
flow cytometer (FC500; Beckman Coulter, Inc., Brea, CA,
USA) and analyzed using FlowJo 7.6 software (Tree Star,
Inc., Ashland, OR, USA). For the determination of apoptotic
rate, treated cells were stained with propidium iodide (PI) and
Annexin V (Annexin V-fluorescein isothiocyanate/PI double
staining apoptosis detection kit; GO03; Nanjing Jiancheng
Bioengineering Institute) at room temperature in darkness
for 20 min. In a separate experiment, alterations in the cell
cycle were determined in treated cells stained with PI at room
temperature in darkness for 10 min.

Mitochondrial membrane potential (MMP) analysis.
DPCI12 cells were seeded in a six-well plate at a density of
2x10° cells/well. DPC12 cells were pretreated with no LB,
200 or 400 pg/ml LB for 3 h, and subsequently exposed to
20 mM L-Glu for 12 h. Following staining with 2 pg/ml JC-1
(Sigma-Aldrich; Merck KGaA) in darkness for 15 min, altera-
tions in green (excitation, 490 nm and emission, 530 nm) and
red, (excitation, 540 nm and emission, 590 nm) fluorescence
were detected using a fluorescent microscope (magnifica-
tion, x20; TE2000; Nikon Corporation, Tokyo, Japan).

Intracellular Ca**and ROS concentration analysis. DPC12
cells were seeded in a six-well plate (2x10° cells/well) and were
pretreated with no LB, 200 or 400 pg/ml of LB for 3 h, prior
to co-incubation with or without 20 mM L-Glu for 12 h. The
treated cells were stained with 5 yM Fluo-4-AM (Molecular
Probes; Thermo Fisher Scientific, Inc.) to detect Ca** levels, or
10 M of 2,7'-dichlorofluorescein diacetate (Sigma-Aldrich;
Merck KGaA) to detect ROS levels. After 15-min staining in
darkness at 37°C, cells were washed with HBSS for three times.
Alterations in green fluorescence intensity were subsequently
analyzed by flow cytometry (FC500; Beckman Coulter, Inc.).
FlowJo v7.6 software (Tree Star, Inc.) was used to analyze
fluorescence intensity.

Western blot analysis. DPC12 cells were seeded in a six-well
plate at a density of 3x10° cells/well. Cells were pretreated with
200 or 400 pg/ml LB for 3 h, and subsequently co-incubated
with or without 20 mM L-Glu for a further 24 h. Treated
cells were lysed with radioimmunoprecipitation assay buffer
(Sigma-Aldrich; Merck KGaA) containing 1% protease
inhibitor cocktail (Sigma-Aldrich; Merck KGaA). A
Bicinchoninic Acid protein assay kit (Merck KGaA) was
used to determine the concentration of the lysed cell protein
according to the manufacturer's protocols. Proteins (40 ug)
were separated on a 10-12% SDS-PAGE gel. Following
electrophoretic transfer, the nitrocellulose membranes
(0.45 um; Bio Basic, Inc., Markham, ON, Canada) were
exposed to primary antibodies including cleaved caspase-3
(9662), caspase-8 (9746) and caspase-9 (9502), apoptosis
regulator Bel-2 (Bcl-2; 2872), apoptosis regulator BAX (Bax;
2772) and GAPDH (5174, all obtained from Cell Signaling
Technology, Inc., Danvers, MA, USA) at a dilution of 1:2,000
for 12 h at 4°C. The membranes were subsequently incubated
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibodies (sc-3836; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) accordingly at a dilution of 1:500, for
2 h at room temperature. An enhanced chemiluminescence
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Figure 1. Experimental protocol for the establishment of the Alzheimer's disease mouse model and drug administration. D-Gal, D-galactose; LB,

Lycium barbarium; i.g., intragastric; i.p., intraperitoneal.

detection kit (Merck KGaA) was used to detect the
chemiluminescence of blots and ImageJ v1.38 software
(National Institutes of Health, Bethesda, MD, USA) was used
to quantify the intensity.

Animal care and drug treatment process. The experimental
protocol was approved by the Institutional Animal Ethics
Committee of Jilin University (Changchun, China). Male BALB/c
mice (20-22 g; 8 weeks old; n=40) were housed in groups of 6
in transparent cages and maintained on a 12-h light/dark cycle
at 23+1°C with water and food available ad libitum. Mice were
treated intragastrically with 20 mg/kg AICI; and subcutane-
ously injected with 120 mg/kg D-gal once daily for 6 weeks to
establish the AD model, which was determined via a Morris
water maze test as described below. AD mice were treated
orally with normal saline, 0.5 or 2.0 g/kg LB for 4 weeks (n=10).
Non-induced BALB/c mice (n=10) were treated with normal
saline as a control. Following the final treatment, mice under-
went behavioral testing. The protocol is presented in Fig. 1.

Behavioral tests

Autonomic activity test. As described previously (9), the
horizontal and vertical locomotor activities of the mice were
recorded for 5 min following placement into squares.

Fatigue rotarod test. Following a previous study protocol (9),
training was repeated three times and mice were placed on
the turning device (Chengdu Techman Software Co., Ltd.,
Chengdu, China) at a speed of 20 rpm and their time until
exhaustion was recorded.

Morris water maze. Following a training period of 5 days,
mice were placed in an open swimming arena with a depth
of 10 cm and a temperature of 25+2°C. Following a previous
study protocol (9), the time spent within the target quadrant
over a 120 sec probe test period was recorded.

Measurement of acetylcholine (ACh) and choline acetyltrans-
ferase (ChAT) levels. Following behavioral testing, blood from
caudal veins of mice and the hypothalamus were collected.
The hypothalamus was homogenized in saline (1-5 w/v).
ELISA kits were used according to manufacturer's protocols
to analyze the levels of Ach and ChAT (A105-1 and A079-1,

respectively, Nanjing Jiancheng Bioengineering Institute) in
the serum and hypothalamus.

Statistical analysis. The data are expressed as the mean =+ stan-
dard deviation. A one-way analysis of variance was used to
detect statistical significance followed by post hoc Dunn's test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

LB improves cell viability, inhibited apoptotic rate and
normalized cell cycle. LB alone failed to influence the levels of
cell proliferation (Fig. 2A). In L-Glu treated cells, 3 h pretreat-
ment with 200 and 400 pg/ml LB improved cell viability
by >20% (P<0.05; Fig. 2A). Treatment with LB suppressed
caspase-3 activity by >30% in L-Glu treated cells (P<0.05;
Fig. 2B). L-Glu caused a cellular apoptotic rate of 17.2% of
in DPC12 cells, whereas LB reduced the rate of apoptosis by
~50% (Fig. 2C). Exposure to LB for 24 h markedly reversed
Gl arrest in DPCI12 cells induced by L-Glu (Fig. 2D).

LB reverses mitochondrial apoptosis. Intense green fluores-
cence was observed in 12-h L-Glu-incubated cells, indicating
MMP depolarization. Comparatively, LB pre-incubation
strongly enhanced the ratio of red to green fluorescence,
suggesting a beneficial effect on mitochondrial function
(P<0.05; Fig. 3A). Furthermore, by comparison with L-Glu
incubated cells, LB markedly suppressed the intracellular
levels of ROS (Fig. 3B) and Ca** (Fig. 3C) following 3 h
pretreatment in combination with 12 h co-incubation with
L-Glu.

LB reverses alterations in pro- and anti-apoptotic protein
expression. A significant decrease in Bcl-2 expression levels,
and a significant increase in the expression levels of Bax, and
cleaved caspase-3, -8 and -9 was observed in L-Glu-treated
DPCI12 cells (P<0.05; Fig. 4). DPC12 cells pre-treated with
LB at doses of 200 and 400 ug/ml exhibited a significant
increase in the levels of Bcl-2 expression, and the expression
levels of Bax, and cleaved caspase-3, -8 and -9 were signifi-
cantly decreased compared with cells treated with L-Glu only
(P<0.05; Fig. 4).
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Figure 2. Effects of LB on cell viability and apoptosis. (A) LB increased cell viability in DPCI2 cells exposed to L-Glu for 24 h. (B) LB reduced the levels
of caspase-3 activity in DPCI2 cells exposed to L-Glu for 24 h. Data are expressed as the mean =+ standard deviation (n=10). “*P<0.001 vs. CTRL; "P<0.05,
“P<0.01, ""P<0.001 vs. L-Glu only. (C) LB decreased the L-Glu-induced increase in apoptotic rate in DPC12 cells (n=6). (D) LB reduced the accumulation of
cells in the G1 phase (n=6). LB, Lycium barbarum; DPC12, differentiated PC12; L-Glu, L-glutamic acid; CTRL, non-induced control; PI, propidium iodide;

FITC, fluorescein isothiocyanate.

Effects of LB on AD mouse behavior. Following 4 weeks of
treatment with LB, the quantity of horizontal and vertical
movements was increased by >25% (P<0.01; Fig. 5A and B)
by comparison with AD mice. Endurance time was increased
in the rotarod test by 30% following 4 weeks of treatment
with LB, by comparison with AD mice (P<0.01; Fig. 5C). The
Morris water maze test is commonly applied to evaluate the
effects of a drug on the learning and memory of an animal.
Escape latency time increased by over two-fold in AD mice
compared with the wild-type control group (P<0.001; Fig. 5D).
Treatment with LB (0.5 and 2 g/kg) returned the escape latency
time into the normal range (P<0.05; Fig. 5D).

LB upregulates ACh and ChAT levels in the serum and
hypothalamus. Significantly reduced serum and hypothalamic
levels of ACh and ChAT were observed in AD mice compared
with the control group (P<0.001; Fig. 6), suggesting that
central cholinergic function was disturbed by AICl; and D-gal.
Comparatively, the levels of ACh and ChAT in the serum and
hypothalamus were significantly increased (P<0.05; Fig. 6)
following 4 weeks of treatment with LB, demonstrating the

ability of LB to improve central cholinergic system function
in AD mice.

Discussion

LB is different from other potential therapies currently being
investigated for AD. The water extract of this functional food
contains natural active ingredients that have been consumed
safely in Southeast Asia for centuries. The present study
confirmed the neuroprotective effects of LB in in vitro and
in vivo models. LB was demonstrated to increase cell viability,
inhibit cellular apoptosis, ameliorate mitochondrial apoptotic
alterations and normalize behaviors in AD mice.

PCI12cells are able to differentiate into neuron-like cells that
form clear synapses and produce nerve-associated proteins (15).
Glutamate is reported to be an excitatory neurotransmitter
in the central nervous system; however, excessive levels are
responsible for excitoxicity (16). Glutamate receptors are exces-
sively activated in patients with neuropathological conditions,
which induces neuronal death processes (17). In the present
in vitro study, 25 mM L-Glu was used to establish an apoptotic



MOLECULAR MEDICINE REPORTS 17: 3599-3606, 2018 3603

14
g 0
[
g 1
@
E 1 -
[ =, -
8 =
= g
c e H#H
$8
-~ - i = o e
L-Glu+200 ug/mi LB L-Glu+400 pg/ml LB ° g
P
k-
o
E=]
]
x 200 400
SRR LB(.giml) _
LBy (25 mM)
B L-Glu (25 mM)
LB (ug/mil)
200 400
] 150
Lo 150- 180
P P P1 P1
£1100- A 100- 11.2% 100 16.9% 1001 2n3%
2
o
50 50 50 50
[ R - 0 ™ ° —
100 10! 10° 100 100 10° 10" 10® 10 10 10® 10" 10f 100 10 00 100 10c 10 100
FITC
C L-Glu {25 mM)
LB {(ug/ml)
400
2501 200
200 150 i
@ Bt P1 P1
(0] 7w 29.8% 60.1%
B 100 100 4
[=]
O 100
50 -
50 -
v - . L L -
[ T ST w0’ 10’ 10 10° 10* w0’ ' e w0 gt

FITC

Figure 3. LB reverses mitochondrial apoptosis. (A) Pretreatment for 3 h with LB restored the MMP disruption induced by 12 h L-Glu exposure. Scale bar,
100 ym. Data are expressed as the mean =+ standard deviation (n=6). "P<0.01 vs. CTRL; "P<0.05 vs. L-Glu only. (B) Pretreatment with LB (3 h) reduced the
levels of intracellular reactive oxygen species in DPC12 cells exposed to L-Glu (n=6). (C) Pretreatment with LB (3 h) inhibited intracellular Ca* overload (n=6)
in DPCI2 cells exposed to L-Glu. LB, Lycium barbarum; MMP, mitochondrial membrane potential; L-Glu, L-glutamic acid; CTRL, non-induced control;
DPC12, differentiated PC12; PI, propidium iodide.
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Ca? hubs (18), and Ca®* overload is responsible for mitochon-  free radicals, particularly ROS (19). Intracellular free radicals
drial depolarization, which in turn leads to further release of  are an essential factor during apoptosis, and thus they have
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become a target for the prevention of apoptosis (20). High ROS
levels stimulate the opening of the mitochondrial permeability
transition pore, which contributes to the activation of the
mitochondrial pathway of apoptosis (21). Notably, a feedback
loop between intracellular ROS levels and mitochondrial func-
tion has been demonstrated, with ROS accumulation inducing
MMP dissipation, which further contributes to excessive ROS
production (22). The results of the present study demonstrated
that LB enhanced Bcl-2 expression levels and reduced the
expression levels of Bax, and cleaved caspase-3, -8 and -9 in
L-Glu-exposed DPC12 cells. Bcl-2 family members, located
in the outer mitochondrial membrane, serve as measures of
mitochondrial function (23). The activation of caspase family
members has a central role in neurodegeneration, particularly
caspase-3 (24). MMP disruption activates the enzymatic apop-
totic machinery of caspases, which are responsible for cellular
fragmentation into apoptotic bodies (25). In response to extra-
cellular stimuli, caspase-8 directly activates caspase-3 through
the mitochondrial apoptotic pathway (26,27). Mitochondria
subsequently release cytochrome c into the cytoplasm, which
is associated with the activation of caspase-9 (28). Caspase-3
is subsequently activated, which has a critical role in the mito-
chondrial apoptotic cascade, in part through the amplification
of initiator caspase-8 and -9 signals (29). Results indicate that
LB-mediated neuroprotection against L-Glu induced DPC12
cell apoptosis may be associated with mitochondrial apoptotic
signaling.

Due to the complexity of AD pathology, establishing a
representative animal model for basic research is difficult (30).
D-gal induces the swelling and dysfunction of brain cells (31),
and aluminum promotes amyloid 3 productionin astrocytes (32),
the two of which result in cognitive and memory dysfunction in
animals (32). The combination of AICIl; and D-gal establishes
a mouse model displaying AD-like behaviors which are more
stabilized than that of AICIl; or D-gal alone (6). HB has been
confirmed to improve the cognition of mice in an AlICI; and
D-gal-induced AD model (9). Similarly, LB significantly
alleviated the loss of memory and learning ability in AD
mice. Furthermore, LB significantly increased the serum and
hypothalamic expression levels of ACh and ChAT. Low levels
of ChAT and ACh are consistently observed in brain tissues
of patients with AD, which is thought to be responsible for the
decline in learning and memory abilities (33). H. erinaceus
has been demonstrated to improve learning and memory
abilities in AD mice via modulation of ACh and ChAT
expression levels (9). Additionally, Flammulina velutipes
polysaccharides increase the expression levels of ACh and
ChAT in scopolamine-induced neuron damaged rats (34).
The modulating effect of LB on ACh and ChAT expression
levels suggests that its neuroprotective effects in AD mice may
be mediated in part through the improvement of cholinergic
function.

In conclusion, the neuroprotective effects of LB were
successfully verified through a L-Glu-induced DPCI12 apop-
tosis cell model and an AICl; and D-gal-induced AD mouse
model. The present study revealed that this effect may be
associated with modulation of the mitochondrial pathway
of apoptosis and the cholinergic system. Thus, LB may be a
potential candidate for the treatment or prevention of neurode-
generative disease.
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