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Abstract Silibinin has been widely used to treat liver dis-
eases due to its antioxidant activity. However, the effects of
silibinin on the central nervous system have not been thor-
oughly investigated. The pathological hallmarks of Alzhei-
mer’s disease are the accumulation of amyloid f§ protein,
development of neurofibrillary tangles and increased oxi-
dative stress, which ultimately lead to irreversible neuronal
loss and cognitive impairment. Our findings show that sili-
binin ameliorated memory impairments in APP/PS1 mice in
the Morris water maze via suppression of oxidative stress
and inhibition of apoptosis. Treatment with silibinin reduced
malondialdehyde content level and increased glutathione and
superoxide dismutase activity in APP/PS1 mice. A termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
assay revealed an anti-apoptotic effect of silibinin. Silibinin
suppressed the activation of caspase-3 by inhibiting Jun
N-terminal kinase phosphorylation and the downstream hip-
pocampal Bax/Bcl-2 ratio. Silibinin treatment significantly
increased levels of synaptophysin and PSD95 in APP/PS1
transgenic mice. These results suggest that silibinin could
be a potential therapeutic agent for the treatment of Alzhei-
mer’s disease.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia. Approximately 5% of AD cases are caused by
missense mutations; however, the causes of sporadic AD
remain unclear. In addition to the accumulation of amyloid
B protein (AP) and neurofibrillary tangles (NFT), there are
constant evidence [1] of reactive oxygen species (ROS)—
mediated injury plays an important role in the pathogenesis
of AD [2, 3]. AP with a critical methionine residue at posi-
tion 35 [4] is markedly elevated in AD or AD-like models
[5], and may increase ROS generation and induce oxidative
stress [3]. In addition to the pro-oxidative role of Ap, oxida-
tive stress creates positive feedback on APP levels and on
its proteolytic pathway. Oxidative stress can increase APP
levels and modulate the activity and levels of key enzymes
such as p-secretase and y-secretase. Oxidative stress is
closely correlated with amyloid pathology and tau pathology
forming vicious pathophysiological cycles [6] that induce
mitochondrial dysfunction and promote metal toxicity, ulti-
mately causing cell malfunction and progressive neuronal
loss, predominantly by apoptosis. Excess cellular levels of
ROS cause damage to lipids, membranes and organelles [7],
which can lead to activation of cell death processes such
as apoptosis. AP induces neuronal apoptosis by releasing
calcium from the endoplasmic reticulum [8] or by activat-
ing Jun N-terminal kinase (JNK) and the downstream Bcl-2
family [9, 10], ultimately leading to caspase activation and
apoptotic death.

Silybum marianum L. is a medicinal plant of Asian ori-
gin that is widely used in traditional European medicine
[11]. Silibinin is the major pharmacologically active com-
pound of silymarin, a flavonoid complex obtained from the
seeds of S. marianum L. Historically, silibinin has been
used to treat liver diseases due to its anti-inflammatory
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and antioxidative hepatoprotective properties [12]. Previ-
ous studies have shown that silibinin can prevent memory
impairment induced by intrastriatal MPP + injection, intrac-
erebroventricular injection of LPS, intracerebral administra-
tion of streptozotocin, and intracerebroventricular injection
of AP25-35 [13-16]. In the present study, we investigated
whether silibinin prevents memory impairment and oxida-
tive stress events in APP/PS1 transgenic mice. Further, we
examined the effects of silibinin on apoptosis and synaptic
protection in vivo.

Methods
Animals and Drug Administration

The APP/PS1 transgenic mice were procured from HFK
Bioscience Co., Ltd., Beijing, China. These mice express a
human APP containing the K595N/M596L Swedish muta-
tions and a mutant human PS1 carrying the exon 9-deleted
variant with a C57BL/6J background [17]. We adapt 5
months male APP/PS1 mice in our study, sex- and age-
matched C57BL/6J mice as control. Animals were housed
in a temperature-controlled (22 +2 °C) and humidity-con-
trolled (60 +5%) environment with a 12-h light—dark cycle
and had free access to food and water. APP/PS1 mice were
randomly divided into model, memantine, and two silibinin
treatment groups. Each group had 10 animals. Either 100 or
200 mg/kg of silibinin (Green Biological Development Co.,
Ltd., Panjin, China) was administered orally once per day to
APP/PS1 mice. C57BL/6J mice and model APP/PS1 mice
were administered vehicle by gavage. Drug administration
started from animals 5 months old continued 8 consecutive
weeks. Animal studies were performed in accordance with
the PR China legislation on the use and care of laboratory
animals and with the guidelines established by the Institute
for Experimental Animals of Shenyang Medical College.

Morris Water Maze Test

Mice behavior was tested after 8 weeks of drug administra-
tion. As described in our previous report [18], the Morris
water maze (MWM) test was performed to assess spatial
learning and memory. The MWM consisted of a black cir-
cular tank (diameter = 100 cm; height=>50 cm) filled with
water (25+1 °C and 30 cm in depth). A black round plat-
form (diameter =8 cm) was placed 1 cm below the surface
of water in a fixed position. During the acquisition trial
phase, mice were trained twice a day for 5 consecutive days
(days 1-5). The mice were given a maximum time of 60 s to
find the hidden platform and were allowed to stay on it for
10 s. If a mouse failed to locate the platform within 60 s, it
was guided to the hidden platform by the experimenter and
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allowed to rest on it for 10 s. Escape latency and swimming
distance were recorded. During the probe trial phase, which
was 24 h after the last acquisition trial, the escape platform
was removed and each mouse was allowed to explore the
pool for 60 s. The time spent in the target quadrant and
platform-site crossovers were measured using a computer
system with a video camera.

Measurement of GSH and SOD Activity and MDA
Content Level

Cortex tissues were collected from the sacrificed animals
after anesthesia. The cortex samples were removed on an
ice-cold box. Tissues were homogenized in PBS. After cen-
trifuging at 3000xg for 20 min, the protein concentration of
the supernatant was tested by the BCA Assay Kit (Beyotime,
Jiangsu, China). The concentrations of GSH, SOD and MDA
content level were measured by standard assay ELISA kits
(Elabscience, Wuhan, China) according to the manufactur-
er’s instructions.

Western Blot Analysis

Mice were decapitated under Chloral hydrate anesthesia.
The hippocampus was homogenized and then centrifuged
at 12,000xg for 20 min at 4 °C. The protein concentration
was determined using a Bicinchoninic Acid Protein Assay
Kit (Kangwei Biotechnology, China). Proteins (25-50 pg
of protein per lane) were run on an 8 or 10% SDS poly-
acrylamide gel and primary antibodies included anti-syn-
aptophysin (1:2000 Abcam), anti-PSD95 (1:2000 Abcam),
anti-JNK (1:1000 Santa Cruz), anti-p-JNK (1:800 Santa
Cruz), anti-Bcl-2 (1:500 Santa Cruz), anti-Bax (1:500 Santa
Cruz), anti-Caspase-3 (1:1000 Cell Signaling Technology),
anti-Cleaved Caspase-3 (1:400 Cell Signaling Technology).
Protein bands were visualized with an ECL Western blot kit
(Kangwei Biotechnology, China). The intensity was quan-
tified by densitometry using Quantity One 4.6.2 software
(Bio-Rad, Hercules, CA, USA) and corrected with the cor-
responding p-actin level. The results are expressed as a per-
centage of the control.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL)

After MWM testing, mice were anaesthetized and then
perfused transcardially with heparinized 0.9% saline fol-
lowed by phosphate buffer (pH 7.4) containing 4% for-
maldehyde. Their brains were removed and immersed in
4% paraformaldehyde. TUNEL staining was performed
in hippocampal paraffin sections (5 pm) using the In Situ
Cell Death Detection Kit (Roche, Germany). Briefly, after
deparaffinization, slices were incubated with proteinase
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K (20 pg/ml) for 10 min at room temperature and then
their endogenous peroxidase activity was quenched by
incubating in 3% H,0, in PBS for 10 min. Sections were
subsequently incubated in equilibration buffer for 30 min
at 37 °C, followed by the TUNEL reaction mixture for
1 h at 37 °C. After a 5 min PBS wash, sections were
incubated in peroxidase, detected with diaminobenzidine
(DAB) solution, and counterstained with hematoxylin.
The results were calculated as a percentage of the total
number of neurons in the CA1 of the hippocampus. For
each animal, four sections were quantified using high
power fields objective (x40).

Statistical Analysis

Statistical analysis was performed using one-way or two-
way ANOVA followed by Fisher’s least significant dif-
ference (LSD) multiple comparisons test (p <0.05 was
significant) in SPSS 17.0 software. The results are pre-
sented as the mean + SEM.

Results

Silibinin Ameliorates Memory Impairments in APP/
PS1 Transgenic Mice in the MWM

There were significant differences in MWM performance
during the acquisition trail phase. As shown in Fig. la, b,
model mice showed longer swimming distances and escape
latencies than control mice (p <0.01); however, treatment
with silibinin caused significant decreases in escape latency
(p<0.05 in day 3, p<0.01 in day 4 and p<0.01 in day 5)
and swimming distance (p <0.001 in day 4 and p<0.01 in
day 5). During probe trial testing (Fig. lc, d), the silibinin-
treated mice showed an increased number of platform cross-
ings (p <0.01) and spent more time in the target quadrant
(p<0.05 in 100 mg/kg group and p<0.01 in 200 mg/kg
group) compared to model mice. The mice treated with
memantine, a positive control, showed decreased escape
latencies (p <0.05) and swimming distances (p <0.05) in
the acquisition phase and exhibited significantly prolonged
time in the target quadrant (p <0.01) and increased number
of platform crossings (p <0.05) in the probe trial phase com-
pared with model mice.
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Fig. 1 Morris water maze test performed to assess learning abilities
of mice. Escape latency (a), swimming distance (b). Mean time spent
in the trained quadrant (¢) and mean number of platform crossings
(d) during the probe trial test. The path traces in control (e), model
(f), memantine (g), silibinin 100 mg/kg (h), silibinin 200 mg/kg (i) in

probe trial test. Data are presented as the mean+SEM (n=10 mice
in each experimental group; *p<0.05, **p<0.01 and ***p<0.001
compared with model mice, #p<0.01 and *p<0.001 compared
with control mice)
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Measurement of Oxidative Stress Markers

Apoptosis in the Hippocampus of APP/PS1 Transgenic
Mice and Anti-Apoptotic Effect of Silibinin

As shown in Table 1 the model group MDA expression

increased, which was significantly decreased by silibinin
group (100 mg/kg p<0.01 and 200 mg/kg p <0.001).
Expression levels of SOD and GSH of silibinin group
increased in the cortex compared with model group. SOD
(p<0.05), GSH (100 mg/kg, p<0.05 and 200 mg/kg

p<0.01).

Table 1 Silibinin showed anti-
oxidative activity in the cortex
in APP/PS1 mice

Fig. 2 Silibinin attenuates
apoptosis in the hippocampus
of APP/PS1 transgenic mice.

a Representative TUNEL
staining in the CA1 region of
hippocampus, arrow indicates
the TUNEL-positive cells or
apoptotic bodies which were
stained brown and character-
ized by a round and shrunken
morphology (sections were
quantified using high power
fields objective 40). b Quantifi-
cation of TUNEL-positive cells
in each group. Results were
calculated as the percentage

of the total number of neu-
rons. Data are presented as the
mean + SEM from five animals
per group with four sections for
each animal. #p <0.001 versus
the control group, **p<0.01
versus the model group
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TUNEL assay was performed to detect DNA fragmentation.
No or few TUNEL-positive cells (<2%) were seen in the
CAL1 region of control mice. In contrast, APP/PS1 group
slices showed prominent TUNEL staining compared with
control slices (p<0.001, Fig. 2b). The TUNEL-positive
cells exhibited shrinkage of the nucleus and chromatin con-
densation. Silibinin treatment significantly decreased the

Control Model Silibinin 100 mg/kg Silibinin 200 mg/kg
MDA (ng/ml) 63.39+16.34 88.20+ 14.36" 70.82+17.80* 65.69 +20.20%*
SOD (ng/ml) 2.91+0.60 1.83+0.87% 2.61+0.93*% 2.64+0.74*
GSH (ug/ml) 46.52+11.57 30.13+7.26" 41.14+13.77* 45.06+10.30%*

Treatment of silibinin for 8 weeks in APP/PS1 mice reduced MDA content level and increased GSH, SOD
activity. Data are presented as the mean + SEM, five animals per group

*p<0.05, **p<0.01 versus the model group
#15 <0.01 versus the control group

3 control
L * sk 3 model
Bl silibinin 100 mg/kg
[ silibinin 200 mg/kg

TUNEL positive cells
(vs the total cell number)

0.0
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population of TUNEL-positive cells (100 mg/kg, p<0.001;
200 mg/kg, p<0.001, Fig. 2b) in the CA1 region of APP/
PS1 mice.

Silibinin Suppresses the Activation of Caspase-3
by Inhibiting JNK Phosphorylation

Activation of caspase-3 is regarded as a proximate media-
tor of apoptosis. Therefore, we examined whether silibinin
affected cleaved caspase-3 levels in the hippocampus of
APP/PS1 mice. The cleaved caspase-3/caspase-3 ratio in
APP/PS1 mice increased 1.36-fold compared to the con-
trol group. After 8 weeks of silibinin treatment, this ratio
decreased (100 mg/kg, p <0.05; 200 mg/kg p<0.01, Fig. 3)
compared to the model group. The ratio of Bax/Bcl-2 also
increased 1.77-fold in APP/PS1 mice compared to control
mice. However, silibinin treatment decreased the ratio of
Bax/Bcl-2 (100 mg/kg, p<0.05; 200 mg/kg p <0.001,
Fig. 3). Furthermore, we evaluated the activation of JNK,
which plays a critical role in apoptotic pathways. Phospho-
rylation of JNK in APP/PS1 mice was increased by 45%
compared to the control group; however, silibinin treatment
significantly decreased the p-JNK/JNK ratio (100 mg/kg,
p<0.01; 200 mg/kg p <0.01, Fig. 3).

Protection of Synapses in APP/PS1 Transgenic Mice

Protein expression levels of synaptophysin and PSD95 were
evaluated by Western blot. In the hippocampus of APP/PS1

mice, synaptophysin and PSD95 levels decreased signifi-
cantly (p<0.001, Fig. 4) compared to controls. However,
silibinin treatment significantly increased levels of synapto-
physin (100 mg/kg, p<0.01; 200 mg/kg, p<0.001, Fig. 4)
and PSD95 (p <0.001, Fig. 4).

Discussion

Previous studies have indicated that silibinin could signifi-
cantly ameliorate memory impairment in AD animal models
[14-16] through inhibition of acetylcholinesterase activity
and AP aggregation and prevention of neuronal death. Our
data show that silibinin-mediated attenuation of learning and
memory impairment may be related to anti-apoptotic and
antioxidative effects in APP/PS1 transgenic mice. Oxidative
stress plays a crucial role in the pathogenesis of AD. In the
AD brain, increased oxidative stress has been demonstrated
using DNA, RNA, and protein oxidation markers and lipid
peroxidation [19]. In the human brain, polyunsaturated fatty
acids are abundant and highly oxidizable; however, the AD
brain has relatively low levels of antioxidants. Free radical
oxidation of polyunsaturated fatty acids leads to the for-
mation of MDA [19]. Increased levels of MDA have been
identified in the AD brain [20, 21]. Moreover, significant
decreases in glutathione levels and the activity of antioxidant
enzymes such as superoxide dismutase were also reported
in the AD brain [22]. At 3 months of age and it consistently
increases with age [23], APP/PS1 mice showed increased

Fig. 3 Representative Western 2.0 it
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s ke
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.cleaved.caspase—S and caspase-3 p- - ‘ - - 4 § Eﬁ; -
in the hippocampus of APP/ S 10 -\: %‘-
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Fig. 4 Silibinin treatment increased levels of synaptophysin and
PSD95 in the hippocampus of APP/PS1 mice. Representative West-
ern blots showing levels of synaptophysin and PSD95. Data are pre-
sented as the mean+SEM from five animals per group. *#p <0.001
versus the control group; **p<0.01 and ***p<0.001 versus the
model group

oxidative stress which was consistent with our findings. Our
results show that treatment with silibinin reduced MDA con-
tent level and increased GSH and SOD activity in APP/PS1
mice, which is consistent with previous studies [24] that
silibinin increased GSH levels and decreased MDA levels in
the AP25-35-injected rats. Our findings show that silibinin
acted as a suppressor of oxidative stress, which is consistent
with previous reports [12].

JNKs belong to the superfamily of MAP-kinases [25] and
play a critical role in apoptotic pathways. Activation of INKs
can upregulate pro-apoptotic genes or directly modulate the
mitochondrial pro- and anti-apoptotic singing pathway [26,
27]. A potential mechanism of pro-apoptotic signaling is
that JNK increases p53 stability and transcriptional activa-
tion and that JNK potentiates the ability of p53 to initiate
programmed cell death [28]. Expression of p53 upregulates
the Bax gene, which encodes two proteins: Bcl-2, which
enhances cell survival, and Bax, which promotes cell death.
Alteration of the Bax/Bcl-2 ratio causes the release of
cytochrome ¢ from mitochondria into the cytosol, which
increases the expression of cleaved caspase-3. Cleaved cas-
pase-3 is regarded as a proximate mediator of apoptosis [29].

Silibinin may improve memory impairment in AD ani-
mal models [13—-16] by potentially decreasing the extent
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of neuronal apoptosis caused by oxidative stress [30]. As
reported in pretreatment of silibinin significantly inhibited
OGD/re-oxygenation-induced necrosis and apoptosis of
neuronal cells [31]. However, our study shows that silibinin
attenuated apoptosis in vivo in the hippocampus of APP/
PS1 transgenic mice and decreased activation of caspase-3
and the Bax/Bcl-2 ratio. The anti-apoptotic effect of silibinin
may be caused by its inhibition of JNK phosphorylation. In a
model of PD, silibinin protected dopaminergic neurons and
inhibited JNK phosphorylation [32]. In our previous study,
silibinin decreased the expression levels of phosphorylated
JNK [33]. In the present study, silibinin decreased the phos-
phorylation of JNK and the ratio of Bax/Bcl-2. Moreover,
the anti-apoptotic effect of silibinin caused an increase in the
protein expression of SYP and PSD95.

In the present study, we showed that silibinin inhibits
apoptotic signaling in vivo in APP/PS1 transgenic mice.
Neuronal and synaptic protection by silibinin occurs via
inhibition of the JNK/Bax/caspase-3 signaling pathway.
Ultimately, silibinin attenuates learning and memory deficits
via suppression of oxidative stress and inhibition of apopto-
sis in APP/PS1 transgenic mice.
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