Int. J. Biol. Sci. 2014, Vol. 10 181

%' B IVYSPRING

vgﬁ INTERNATIONAL PUBLISHER

International Journal of Biological Sciences

2014; 10(2):181-191. doi: 10.7150/ijbs.6232
Research Paper

|cariin Decreases the Expression of APP and BACE-|

and Reduces the 3-amyloid Burden in an APP Transgenic
Mouse Model of Alzheimer’s Disease

Lan Zhang, Cong Shen, Jin Chu, Ruyi Zhang, Yali Li, Lin Li*

Department of Pharmacology, Xuanwu Hospital of Capital Medical University, Key Laboratory for Neurodegenerative Diseases of Ministry
of Education, Beijing 100053, China.

>4 Corresponding author: Department of Pharmacology, Xuanwu Hospital of Capital Medical University, 45 Chang-chun Street, Beijing
100053, China. Tel.: +86-10-83198886; Fax: +86-10-63042809; E-mail: lanizhg@hotmail.com (L. Zhang), linli97@hotmail.com (L. Li)

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2013.03.11; Accepted: 2013.12.24; Published: 2014.01.21

Abstract

Objective: The purpose of this study was to investigate the effects and pharmacological mech-
anisms of icariin, which is the main component in the traditional Chinese herb Epimedium, on
[-amyloid (AB) production in an amyloid precursor protein (APP) transgenic (Tg) mouse model of
Alzheimer’s disease (AD).

Methods: APPV717] Tg mice were randomly divided into a model group and icariin-treated (30
and 100 pmol/kg per day) groups. Learning-memory abilities were determined by Morris water
maze and object recognition tests. AP} contents were measured by enzyme-linked immunosorbent
assays and immunohistochemistry. Amyloid plaques were detected by Congo red staining and
Bielschowsky silver staining. The levels of expression of APP and B-site APP-cleaving enzyme |
(BACE-1) were measured by western blotting and immunohistochemistry.

Results: Ten-month-old Tg mice showed obvious learning-memory impairments, and significant
increases in AP contents, amyloid plaques, and APP and BACE-I levels in the hippocampus. The
intragastric administration of icariin to Tg mice for 6 months (from 4 to |0 months of age) im-
proved the learning-memory abilities and significantly decreased the A contents, amyloid plaques,
and APP and BACE-I levels in the hippocampus.

Conclusion: Icariin reduced the AP burden and amyloid plaque deposition in the hippocampus of
APP transgenic mice by decreasing the APP and BACE-1 levels. These novel findings suggest that
icariin may be a promising treatment in patients with AD.

Key words: Icariin; Alzheimer's disease; APPV717I transgenic mice; B-amyloid; amyloid plaque;
BACE-1; amyloid precursor protein

Introduction

Alzheimer’s disease (AD) is a neurodegenerative
disorder that is characterized by the accumulation of
amyloid plaques, the formation of neurofibrillary
tangles, and selective neuronal death in the brain [1].
The deposition of B-amyloid (Ap) is a key pathological
event in this disease [2]. It has been identified as a
major component of senile plaques in AD brain, and,

thus, it is a major target of therapy for AD. AB pep-
tides containing 40 or 42 amino acids are produced by
the sequential cleavage of amyloid precursor protein
(APP) by p-secretase and vy-secretase [3]. P-Site
APP-cleaving enzyme-1 (BACE-1, ie., [(-secretase)
plays a critical role in AP production and amyloidosis
in the central nervous system, thus, it has been con-
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sidered a high-priority therapeutic target [4, 5]. Mu-
tations in human APP around (- or y-secretase
cleavage sites have been shown to be associated with
early onset familial AD, which is characterized by
increased levels of AB1.42[6]. Consequently, transgenic
mice that overexpress human mutant APP at high
levels have been widely used in the study of AD
pathogenesis or anti-AD drugs.

APP transgenic mice, which exhibit neuro-
degenerative changes in behavioral, biochemical and
histopathological aspects that are similar to those ob-
served in patients with AD, are a valuable animal
model for AD prevention and treatment studies [7]. In
our previous study, APPV717] transgenic mice that
overexpressed neuron-specific transgenes with Lon-
don mutations (V7171) in human APP exhibited defi-
cits in learning and memory with aging, ultrastruc-
tural injuries, and decreased protein expression in
synapses [8].

Icariin (Cs3sH0O15, molecular weight 676.65) is
the major active component extracted from the tradi-
tional Chinese herb Epimedium [9], and has been re-
ported to have various pharmacological effects, such
as cardiac protective effects [10], anti-inflammatory
effects [11], and even anti-tumor properties [12]. Ac-
cording to some studies about the pharmacokinetics
of icariin, it was proved that icariin could pass
through the blood-brain barrier [13, 14]. A few studies
showed that icariin improved learning and memory
abilities in aged rats or Af2s.3s hippocampal injection
rats [15, 16], but those models were not the exact AD
models. Urano et al. reported that administration of
icariin improved spatial memory impairment in
transgenic mouse AD model (5xFAD), and attenuated
neurite atrophy in an in vitro cell model induced by
AB142[17], but they did not detect APP, secretases, Af
and amyloid plaques in vivo. Therefore, it was not
clear whether icariin could influence key proteins and
enzymes in the AP amyloidogenic pathway in an AD
transgenic mouse model.

The APPV717I transgenic mice that are bred on a
C57/BL6 strain express high levels of human APP751
containing the London (V717I) mutation under the
platelet-derived growth factor promoter [18], which
results in a marked increase of ApPi.42 production [19].
In the present study, we investigated the pharmaco-
logical effects and mechanisms of icariin on key steps
of AP production and deposition in APPV717I trans-
genic mouse model of AD.

Materials and methods

Ethics Statement

This study was approved by Animal Ethics
Committee of Xuanwu Hospital of Capital Medical

University.
Drugs

Icariin, with a molecular weight of 676.65
(Cs3H40O15), was obtained from the National Institute
for Food and Drug Control (Beijing, China). Powder
of icariin (with 99% purity as determined by a
high-performance liquid chromatography assay) was
dissolved in distilled water and intragastrically ad-
ministered to mice between 8 and 9 AM every day.

Animals and drug administration

In the present study, 3-month-old APPV7171
transgenic (Tg) mice were obtained from the Institute
of Experimental Animals of the Chinese Academy of
Medical Sciences (Beijing, China). The gene mutation
in each mouse has been confirmed by polymerase
chain reactions of peripheral blood [20]. Animal
housing and all experimental procedures followed the
requirements of the Provisions and General Recommen-
dations of Chinese Experimental Animal Administration
Legislation. Animals were housed under a 12/12-h
dark/light cycle and in standard pathogen-free con-
ditions. They had free access to food and water
throughout the entire experiment.

After 4-week acclimatization to their home cage,
4-month-old APPV7171 Tg mice were randomly di-
vided into 3 groups: APP Tg, APP Tg + ICA 30
umol/kg, and APP Tg + ICA 100 pmol/kg. Each
group consisted of 18 mice (half female and half
male). The same number of transgenic-negative and
non-transgenic C57/BL6 littermates served as Tg(-)
controls and normal controls, respectively.

The mice in APP Tg + ICA groups received daily
gavages of dissolved icariin (0.1 mL/10 g weight) and
all mice in other groups were intragastrically admin-
istered an equal volume of distilled water once a day
for 6 months beginning at 4 months of age.

Behavioral experiments

Morris water maze (MWM)

This MWM consisted of 4 days of learn-
ing-memory training and a probe trial that was ap-
plied on day 5. The animals were trained in a circular
pool (120 cm in diameter) that was located in a lit
room with visual cues. An escape platform (9.5 cm in
diameter) was submerged 1.0 cm below the surface of
the pool water, which was maintained at 23 + 2°C and
mixed with milk powder in order to obscure the
platform. The location of the platform remained in the
center of the northwest quadrant throughout the
4-day training period. On each day, mice were trained
in 1 morning and afternoon block. Each block con-
sisted of 2 trials, and each trial lasted for 120 s or
ended as soon as the mice reached the submerged
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platform, thus escaping from the water maze. Before
the first trail, each mouse was put on the platform for
15 s, which was followed by a 60-s free swim, and the
mouse was then assisted to the platform where it re-
mained for another 15 s of rest. Then, the test began:
the mouse was released into the water facing the pool
wall, turning north, south, east, and west for each
trial. Whether a mouse found or failed to find the
platform within 120 s, it was placed on the platform
for 15 s. Data on the escape latencies from the water
maze, which was defined as finding the submerged
escape platform, and the distances that the mice had
traveled were collected, and the swimming speed of
each mouse in every single trial was calculated. The
probe trial was formed by removing the platform and
allowing each mouse to swim freely for 60 s inside the
pool. The swimming time and distance traveled by
each mouse in the target quadrant when the platform
had been removed were recorded by a computerized
video system. The ratio of time and distance in the
quadrant to those in the whole pool were calculated
and compared among the groups.

Object recognition test (ORT)

The observation arena, with a size of 45 cm % 35
cm x 20 cm, was made up of white plastic and was
located in a testing room that was dimly lit by con-
stant illumination at about 40 Ix in the testing arena.
The objects chosen were 3 identical cuboid blue plastic
blocks (A; 4.5 cm x 4.5 cm x 5 cm) and a white cylin-
drical plastic bottle (B; height: 7 cm; diameter: 4 cm)
that was filled with water. These objects were heavy
enough to prevent the mice from moving them. Ac-
cording to our screening test, these 2 kinds of objects
elicited roughly the same exploratory time relative to
the other. Two identical sets of arenas and objects
were used by 2 observers who conducted the tests
independently in the same room but who were hid-
den from each other. Each person randomly tested
half of the mice in each group. The test lasted for 3
days. On day 1, the mice were placed in the arena for
10 min in order to reduce neophobic responses and
habituate the animals to the stimuli that were pre-
sented in the empty arena. On day 2, 2 identical ob-
jects (A1A2 or B1B2) were placed at opposite sides in
each arena 8 cm from the walls and with 29 cm be-
tween them. The mice were placed in the middle of
the space between the objects in order to start a
10-min period of object learning and training. On day
3, 1 familiar (previously observed) object and 1 new
object were placed in the arena (A3B or B3A for each
arena), and the mice were placed in the middle of the
space between the objects to start a 10-min object
recognition test. Object exploration was defined as the
exhibition of the orientation in which the animal’s

snout was moved towards the object and the mouse
was located within 2 cm or less of the object. Incidents
of the mouse running around the object or sitting on it
were not recorded as an exploratory behavior. Objects
were washed with ethanol after each individual trial
in order to equate olfactory cues. The time spent ex-
ploring the familiar object and the new object during
days 2 and 3 was observed visually and timed with
stopwatches. The objects” positions (at the sides of the
arena) were alternated for each animal in order to
reduce errors in our collected data. The times when
the mice exhibited exploratory behaviors were rec-
orded and used to calculate a memory discrimination
index (DI), as previously reported [21]. DI = (N -
F)/(N + F), where N is the time spent exploring the
new object and F is the time spent exploring the fa-
miliar object. Higher DI was considered a reflection of
greater memory ability.

Western Blotting

For the western blotting assay, we used an-
ti-APP, anti-BACE-1, and anti-PS-1 antibodies from
Sigma-Aldrich Co. LLC (St. Louis, MO, USA). The
hippocampi from 5 individual mice in each group
were homogenized in iced buffer containing 50 mM
Tris-HCI (pH 7.5), 1 mM ethylenediaminetetraacetic
acid, 0.5 mM ethylene glycol tetraacetic acid, 150 mM
NaCl, and 1% protease inhibitor cocktail (Sig-
ma-Aldrich Co. LLC). A western blot analysis was
performed as described previously [22]. Proteins were
separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis, blotted
onto a polyvinylidene fluoride membrane, and re-
acted with the primary antibody. A horseradish pe-
roxidase-conjugated goat-anti-mouse IgG (1:5,000)
was used as a secondary antibody. Immunoreactive
bands were visualized by enhanced chemilumines-
cence (ECL system; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) and exposed to x-ray film
(Kodak, Rochester, NY, USA).

Immunohistochemistry

For the immunohistochemical staining, we used
anti-Ap, anti-APP, anti-BACE-1, and anti-PS-1 mono-
clonal antibodies (Sigma-Aldrich Co. LLC). Five mice
in each group were sacrificed and immediately per-
fused through the heart with 0.9% NaCl, which was
followed by 4% paraformaldehyde in 0.1 M phos-
phate buffer for 10 min. Brains were postfixed by
immersion for 4 days and then cryoprotected in 20%
sucrose. Brains were rapidly frozen in OCT embed-
ding medium, and frozen sections with a thickness of
20 pm were taken through the hippocampus and
processed in free-floating conditions. Immunohisto-
chemical procedures for light microscopic examina-
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tions were performed as described previously [22]
with slight modifications. Sections were treated with
0.1 M phosphate-buffered saline containing 0.3% Tri-
ton X-100 (PBST) for 4 days and first incubated with
the primary antibody overnight at 4°C. The sections
were then incubated with the second biotinylated
goat anti-mouse IgG antibody (1:1,000) at room tem-
perature for 2 h and finally with horserad-
ish-conjugated streptavidin (1:1,000) at room temper-
ature for 1 h. Peroxidase activity was revealed by
0.02% 3,3'-diaminobenzidine in 0.05 M Tris-HCI buff-
er, pH 7.6, containing 0.005% H>O, and 0.3% nickel
ammonium sulfate. The stained sections were
mounted on glass slides, dehydrated, cleared, and
coverslipped. The quantitative analysis of the A
burden was expressed as the percent area of A3 de-
posits in the whole brain tissue area that was exam-
ined.

Congo red staining and Bielschowsky silver
staining

Congo red staining

Three slides from each mouse were rehydrated
in graded alcohols, immersed in Hematoxylin for 2
min, and then dipped in hydrochloric alcohol for 10 s.
Firstly, sections were rinsed in running tap water until
it turned blue and distilled water 2 times. Then, sec-
tions were Congo red stained for 40 min at room
temperature before being rinsed in running water;
they were then dipped in lithium carbonate for 5 s and
washed in running tap water. Alcohol (80%) was used
to differentiate the nonspecific background staining,
and the sections were then rinsed in running tap wa-
ter for 10 min, cleared in xylene, and covered with
neutral gum.

Bielschowsky silver staining

Three slides from each mouse were rehydrated
in graded alcohols before being rinsed in distilled
water 3 times. They were then immersed in 2-4% ar-
gent nitrate solution for 25-35 min at 37°C in the dark.
The slides were washed in distilled water 3 times after
the argent nitrate solution was removed. The staining
was deoxidized with 10% formaldehyde until the
slide changed to a pale-yellow color. The slides were
rinsed in distilled water 3 times, and the excess water
was removed. Ammoniacal silver solution (200 pL)
was added to each slide for 5 min. The excess solution
was removed, and the slides were dipped in 8% for-
malin for 2 min. Slides were rotated several times
until the yellow dye remained stable. The sections
were fixed in 5% sodium thiosulfate for 5 min. Slides
were dried in the open air, cleared in xylene, and then
coverslipped for the microscopic examinations.

AB measurements of the brain tissue by
enzyme-linked immunosorbent assay (ELISA)

With highly specific antibodies and a sensitive
sandwich ELISA, we quantified APi.42 in brain ho-
mogenate fractions that were extracted with TBS (50
mM Tris-HCl, pH 7.6, 150 mM NaCl) or 2% SDS and
70% formic acid, respectively, as described previous-
ly. Frozen hippocampal samples were homogenized
with a homogenizer in 1 mL of TBS/complete prote-
ase inhibitor plus 20 pg/mL pepstatin A (Roche Di-
agnostics GmbH, Mannheim, Germany) and then
centrifuged at 100,000 x g for 1 h at 4°C with an Op-
tima TLX ultracentrifuge (Beckman Coulter, Inc.,
Brea, CA, USA). The TBS supernatants were stored at
-80°C, and the pellets were homogenized in 1 mL of
2% SDS/TBS with protease inhibitor (Roche Diagnos-
tics GmbH). They were then centrifuged at 100,000 x g
for 1 h at 25°C following incubation for 15 min at
37°C. The pellets, which corresponded to the insolu-
ble fraction, were washed once and then extracted
further with 1 mL of 70% formic acid. They were then
centrifuged at 100,000 x g for 1 h. The supernatants of
insoluble 70% formic acid extracts were neutralized
with 1 M Tris-HCl (pH 8.0) at a dilution of 1:20. For
quantification of Af1.4, we used an specific ELISA Kit
(#27711, recognizing human Api..2and the cross reac-
tivity with mouse A1 was 709%, Immu-
no-Biological Laboratories Co., Ltd., Gunma, Japan)
according to the manufacturer’s instructions.

Statistical analysis

All data were expressed as mean * standard de-
viation (SD). The differences among the groups were
analyzed with one-way analysis of variance
(ANOVA) followed by the Post-hoc Duncan multiple
group comparison. P values less than 0.05 were con-
sidered statistically significant.

Results

Effects of icariin on learning and memory
impairments in APP transgenic mice

In the present study, the Morris water maze was
used to examine the spatial learning and memory
performances of mice. Escape latency in first training
trial among groups varied from 89.94 s to 97.18 s, in-
dicating no significant difference among groups.
“Escape latency” in Figure 1 is the data in the last trial
after 4 day’s training. Both the 4- and 10-month-old
Tg(+) mice showed significantly prolonged escape
latencies compared with the age-matched transgen-
ic-negative [Tg(-)] control group (P<0.05, P<0.01). The
escape latencies of 10-month-old Tg(+) mice were
significantly longer than those of 4-month-old Tg(+)
mice (P<0.01), while no significant differences were
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found between the normal control group and the
age-matched Tg(-) group (Fig. 1A). However, the
10-month-old Tg(+) mice that had been intra-
gastrically treated with icariin (100 pmol/kg) for 6
months beginning at 4 months of age showed signifi-
cantly shorter escape latencies than vehicle-treated
10-month-old Tg(+) mice (P<0.01; Fig. 1B).

In the probe trials of the Morris water maze,
mice were allowed to search the platform for 60 s in
an empty maze. Fig. 1C illustrates group differences
of the mean percentage searching time in the target
quadrant compared to the whole pool during the
probe trial. Compared with age-matched Tg(-) group,
Tg(+) mice at both 4 months and 10 months of age
showed a significant less time in the target quadrant
(P<0.05, P<0.01). The time in the target quadrant
showed a significantly decrease in 10-month-old
Tg(+) mice compared with those in 4-month-old Tg(+)
mice (P<0.05), while no significant differences were
found between the normal control group and the
age-matched Tg(-) group (Fig. 1C). The 10-month-old
Tg(+) mice that had been treated with icariin (100
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pmol/kg) for 6 months beginning at 4 months of age
showed significantly longer time in the target quad-
rant than vehicle-treated 10-month-old Tg(+) mice
(P<0.01; Fig. 1D).

In the object recognition test (ORT), there was no
significant difference in the exploration time to 2
identical objects on day 2 among groups (data not
shown). On day 3, 10-month-old Tg(+) mice showed a
significant decrease in the memory discrimination
index (DI) compared with both age-matched Tg(-)
mice (P<0.05) and 4-month-old Tg(+) mice (P<0.01;
Fig. 2A). The DI was significantly increased in mice
that were treated with icariin (100 pmol/kg) for 6
months compared with the Tg(+) model mice
(P<0.05), suggesting an improvement in object recog-
nition memory by icariin treatment (Fig. 2B). There
was no significant difference in total exploration time
(N+F) that was observed among groups.

These results provided evidence that icariin
ameliorated the learning and memory deficits of Tg(+)
mice.

Latency(s)

Non-Tg Ta(-)  Ta(+) Tal+) Taol+)
+ICA(L) +ICA(H)

50

Target quadrant search (%) ©

Non-Tg Tg(-)  Ta(+) To(+) Tgl+)
+ICA(L) +ICA{H)

Fig. |. Effects of icariin on learning and memory impairments in APP V717l transgenic mice (Morris water maze). Icariin (ICA) at the
doses of 30 pmol/kg (L) and 100 pmol/kg (H) was intragastrically administered to APP Tg mice for 6 months (from 4 to |10 months of age). “Escape latency”
is the data in the last trial after 4 day’s training. A. Comparison of escape latencies in different mice groups at 4 months of age and 10 months of age. B.
Effects of icariin on escape latencies in 10-month-old APP transgenic (Tg) mice. C. Group differences of the mean percentage searching time in the target
quadrant compared to the whole pool during the probe trial. D. Effects of icariin on the time in the target quadrant. n=18. The data are shown as mean *
standard deviation (SD); “P<0.05, 44p<0.0l, compared with transgenic-negative [Tg(-)] mice; 224P<0.01, compared with 4-month-old APP Tg mice;

*#P<0.01, compared with APP Tg(+) model mice.
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Fig. 2. Effects of icariin on learning and memory impairments in APP V7171 transgenic mice (object recognition test, ORT). Icariin (ICA)
at the doses of 30 pmol/kg (L) and 100 pmol/kg (H) was intragastrically administered to APP Tg mice for 6 months (from 4 to 10 months of age). A.
Comparison of the discrimination index (DI) in different mice groups at 4 months of age and 10 months of age. B. Effects of icariin on DI in 10-month-old
APP Tg mice. On day 2, there was no significant difference in the exploration time to 2 identical objects among groups. On day 3, there was no significant
difference in total exploration time (N+F) among groups. n=18. The data are shown as mean + SD; 4p<0.05, compared with Tg(-) mice; 242P<0.01,
compared with 4-month-old APP Tg mice; *P<0.05, compared with APP Tg(+) model mice.
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Fig. 3. Effects of icariin on AB contents in the hippocampus of 10-month-old APP V717l transgenic mice. Icariin (ICA) at the doses of 30
umol/kg (L) and 100 pmol/kg (H) was intragastrically administered to APP Tg mice for 6 months (from 4 to 10 months of age). A. AB burden in the
hippocampal CA| region that was detected with immunohistochemical staining by using anti-Af3 I-16 antibody (scale bar = 50 um). n=5. B. A 1-42 contents
in the whole hippocampus that were measured with enzyme-linked immunosorbent assays. n=8-10. The data are shown as mean + SD; 44 p<oo0l,

compared with Tg(-) mice; ** P < 0.01, compared with Tg(+) model mice.

Effects of icariin on AB content in the
hippocampus of APP transgenic mice

The immunohistochemical staining with the an-
ti-APB116 was used to evaluate the total Ap burden in
mouse brain. The number of AB-positive cells was
significantly increased in the hippocampal CA1 re-
gion of Tg(+) mice at the age of 10 months compared
with that in the age-matched Tg(-) control group.

Tg(+) mice that were treated with 100 pmol/kg icariin
showed an obvious decrease in the number of
Ap-positive cells compared with that in the Tg(+)
model mice (Fig. 3A).

Since anti-AfP11¢ antibody cannot distinguish
between APi4 and APig, and AP is more cyto-
toxic and more likely to aggregate to form plaques
than AP140, we further examined Api.4 with ELISA.
As a result, the levels of AP were found to be sig-
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nificantly increased in the hippocampus of Tg(+) mice
at the age of 10 months compared to the age-matched
Tg(-) control group (P<0.01). These increased levels
were decreased by treatment with 30 and 100
pmol/kg icariin for 6 months (from 4 to 10 months of
age) compared to those in the Tg(+) model mice
(P<0.01) (Fig. 3B).

Effects of icariin on amyloid plaques in the
hippocampus of APP transgenic mice

Congo red was used to stain the amyloid plaques
in the brains of mice, and the positively stained areas
were measured with an image analysis system in or-
der to determine the quantity of amyloid plaques. The
results showed that amyloid plaques were scattered
in the molecular/polymorphic layer of the hippo-
campus, and rare amyloid plaques were distributed in
the pyramidal cell layer. The amyloid plaques exhib-
ited a light red dispersion without distinct bounda-
ries, and plaque staining was denser in the hippo-
campus of Tg(+) mice (Fig. 4A). The molecular layer
in the hippocampi of 10-month-old Tg(+) mice had a
larger percentage of areas that were positive for am-
yloid plaques than the age-matched Tg(-) control
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group (P < 0.01). After icariin (30 and 100 pmol/kg)
administration for 6 months, the plaque staining was
lighter, and the positively stained areas of amyloid
plaques were significantly reduced (P < 0.01) (Fig. 4B).

The results from the Bielschowsky silver staining
also showed that amyloid plaques were mainly scat-
tered in the hippocampal molecular layer, and these
results were consistent with the results from the
Congo red staining. Mature amyloid plaques exhib-
ited round, oval, or irregular shapes, deeply dyed
cores, and shallow surrounding halos at high magni-
fication. Diffuse plaques appeared as loose reticular
spheres with light coloring and without a deeply dyed
and dense core. The number of amyloid plaques was
increased in the hippocampal molecular layer, and
dominantly mature amyloid plaques were dense and
deeply dyed in Tg(+) mice at the age of 10 months,
while age-matched Tg(-) mice exhibited no plaques in
the hippocampus. The amyloid plaques in these brain
regions in 30 and 100 pmol/kg icariin-treated Tg(+)
mice appeared diffusely and lightly stained, and the
number of plaques was reduced compared with that
in the age-matched Tg(+) model group (Fig. 4C).

Amyloid Plaques(Area,%)

Non-Tg Tal-) Tg+)  Tgl+PICA[L) Tg(+HICAH)

»

ICA(H)

Fig. 4. Effects of icariin on amyloid plaques in the hippocampus of 10-month-old APP V7171 transgenic mice. Icariin (ICA) at the doses of
30 pmol/kg (L) and 100 pmol/kg (H) was intragastrically administered to APP Tg mice for 6 months (from 4 to 10 months of age). A. Congo red staining.
B. Semiquantitative analysis of Congo red staining. C. Bielschowsky silver staining. n=5. The data are shown as mean + SD; 44p<0.01, compared with Tg(-)

mice; ¥¥P<0.01, compared with APP Tg(+) model mice. Scale bar = 50 ym.
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Effects of icariin on APP expression in the
hippocampus of APP transgenic mice

The levels of APP that were detected by western
blot were significantly increased in the Tg(+) mice
compared with those in the age-matched Tg(-) control
group (P<0.05). After icariin administration at doses
of 30 and 100 pmol/ kg for 6 months, the levels of APP
expression were obviously reduced compared with
those in the Tg(+) model group (P<0.05, P<0.01) (Fig.
5A and B). The 6-month treatment of 100 pmol/kg
icariin did not show the significant change in APP
expression in normal C57/BL6 mice (data not shown).

APP expression was also observed in hippo-
campal CAl areas with immunohistochemical stain-
ing. The N-terminal of APP-positive markers pre-
sented as brown granules, which were mainly dis-
tributed in the hippocampal neuronal cytoplasm
when observed under the light microscope. Com-
pared with the Tg(-) control group, APP-positive cells
were significantly increased with deep staining in the
cytoplasm in the hippocampal CA1l areas of
10-month-old Tg(+) mice. The 100 pmol/kg icar-
iin-treated group showed less APP-positive cells in
the hippocampal CA1 regions compared with those in
Tg(+) model mice (Fig. 5C).
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Effects of icariin on BACE-1 expression in the
hippocampus of APP transgenic mice

The levels of expression of BACE-1 ([3-secretase)
in the hippocampus of 10-month-old mice were de-
tected by western blotting. The results indicated sig-
nificantly higher levels of expression of BACE-1 in
Tg(+) mice compared with those in the Tg(-) control
group (P < 0.01). The high levels of BACE-1 expres-
sion in Tg(+) mice were significantly reduced by icar-
iin administration at a dose of 100 pmol/kg for 6
months (P < 0.05) (Fig. 6A and B).

BACE-1 expression was also observed in the
mouse hippocampal CAl area with immunohisto-
chemical staining. Brown granules, which represented
positive BACE-1 immunohistochemical staining, were
seen in the neuronal cytoplasm with light microscopy.
Compared to the Tg(-) control group,
BACE-1-positive cells were significantly increased
and they exhibited dense staining in the cytoplasm in
hippocampal CA1 in 10-month-old Tg(+) mice. The
100 pmol/kg icariin-treated Tg(+) group had less
BACE-1-positive cells in the hippocampal CA1 region
compared with that in the Tg(+) model group (Fig.
6C).
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Fig. 5. Effects of icariin on amyloid precursor protein (APP)
expression in the hippocampus of 10-month-old APP V7171
transgenic mice. Icariin (ICA) at the doses of 30 pmol/kg (L) and 100
pmol/kg (H) was intragastrically administered to APP Tg mice for 6 months
(from 4 to 10 months of age). A. Western blot. B. Semiquantitative analysis
of western blot. C. Inmunohistochemical staining (scale bar = 50 uym). n=5.
The data are shown as mean + SD; “P<0.05, compared with Tg(-) mice;
*P<0.05, **P<0.01, compared with Tg(+) model mice.
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Fig. 6. Effects of icariin on B-site APP-cleaving enzyme |
(BACE-1) expression in the hippocampus of 10-month-old APP
V7171 transgenic mice. Icariin (ICA) at the doses of 30 pmol/kg (L) and
100 pmol/kg (H) was intragastrically administered to APP Tg mice for 6
months (from 4 to 10 months of age). A. Western blot. B. Semiquantitative
analysis of western blot. C. Immunohistochemical staining (scale bar = 50
Um). n=5. The data are shown as mean + SD; 44p<0.01, compared with
Tg(-) mice; *P<0.05, compared with Tg(+) model mice.
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Discussion

Transgenic mouse models with mutant APP
have been widely used both for investigating the
mechanisms of AD and for evaluating the effects of
drugs. APP V7171 (valine changed into isoleu-
cine)-mutant mice that over-express human APP with
a mutant in amino acid 717 have been reported to be a
highly valuable model of amyloid pathology [23]. In
the present study, we confirmed that APPV7171
transgenic mice exhibited impairments in learn-
ing-memory abilities as early as 4 months, and these
were exacerbated in 10-month-old Tg mice. The in-
tragastric administration of icariin for 6 months sig-
nificantly shortened the escape latencies in the Morris
water maze test and obviously increased the dis-
crimination index in the object recognition test in
Tg(+) mice at the age of 10 months. Icariin improved
the learning-memory deficits in the AD animal model,
suggesting that icariin may have the potential to treat
AD patients and ameliorate their cognitive impair-
ment symptoms.

Amyloid plaques are one of the characteristic
pathologic hallmarks of AD, and the deposition of Af
is the main cause of plaque production. In order to
examine the beneficial effects of icariin therapy in AD,
we investigated the amyloid plaques and A{3 burden
in the brain of APP Tg mice. The results exhibited a
significant increase in amyloid plaques and AP bur-
den in the hippocampus of 10-month-old APP Tg(+)
mice, which was consistent with other reports [23, 24].
Administration of icariin to the Tg(+) mice obviously
decreased amyloid plaques and AP burden. Since
ApP142 is more cytotoxic and more likely to aggregate
to form plaques than AP1.4 [25], we further examined
Ap14 with ELISA in our study. At the age of 10
months, the levels of APy in the hippocampus were
significantly higher in Tg(+) mice than those in Tg(-)
control mice. There were no significant differences
between APP Tg(-) mice and non-Tg normal mice in
the overall data of the entire study. Therefore, it could
be inferred that the transgenic operation did not affect
the results. Icariin-treated Tg(+) mice showed a sig-
nificant reduction in the contents of APi.e in the hip-
pocampus compared with those in age-matched Tg(+)
mice. The treatment of icariin could reduce APy in
Tg(+) mice close to Tg(-) mice AP levels, whereas,
the levels of amyloid staining in high-dose treated
Tg(+) mice in the immunohistochemistry (IHC) slices
were higher than that in Tg(-) mice. This may be be-
cause anti-Ap1-1¢ monoclonal antibody which we used
in IHC staining cannot distinguish between A4 and
A1, thus the result in IHC staining may represent
the total AP burden. These results suggest that icariin
may mainly reduce Afi4 rather than APt A
down-regulation of Afi4 would be an important

beneficial effect of icariin as it would inhibit the for-
mation of amyloid plaques and therefore improve the
cognitive impairments in APP Tg(+) mice.

AP is generated from APP through sequential
cleavage by P- and y-secretase. [-Secretase ([-site
amyloid precursor protein-cleaving enzyme 1,
BACE-1) cleaves the ectodomain of APP and gener-
ates an APP C-terminal fragment. Then, y-secretase
cleaves the transmembrane domain and releases AP
peptides (APi40 or APi4z) [26]. Thus, APP, BACE-1,
and y-secretase are all related to AP production. In
order to elucidate the pharmacological mechanisms
by which icariin decreased AP content, we examined
the expression of these key proteins and enzymes in
Tg mice.

As the initiation of AP generation, APP is the
primary target in the pathological mechanisms in Tg
mouse. In 2- or 4-month-old APPV7171 Tg mouse,
human APP protein is expressed more than 2-times
the endogenic APP level [25]. In the present study, the
western blotting and immunohistochemical results
showed a tendency for increased APP expression at 4
months of age in the hippocampus of Tg mice (data
not shown). At the age of 10 months, the expression of
APP was significantly increased in the hippocampus
of Tg mice. APP levels in the hippocampus at the age
of 10 months were obviously higher than those at the
age of 4 months, which was consistent with other re-
ports [23]. This indicated that the increased expression
of APP which was observed with aging might have
been due to the initiation of AD pathology in APP Tg
mice. In the present study, we found that 6 months of
icariin treatment reduced the level of APP expression
in the hippocampus of APP V7171 Tg mice at the age
of 10 months. Since APP is the precursor protein of
A, excessive APP may increase AP production. The
inhibitory effect of icariin on the excessive APP ex-
pression may be one of the mechanisms by which
icariin treatment decreases the AP content in the brain
of APP Tg mice. The mechanism of icariin to inhibit
the over-expression of APP is not clear. Similar with
our result of icariin, cerebrolysin treatment
significantly reduced the levels of Full-length APP in
APP Tg mice [27]. NeuroAiD®, also known as
MLC601, obviously decreased full-length APP levels
in APP transfected SH-SY5Y cells [28]. In these re-
ports, the authors did not explain the underlying
mechanism of altered APP levels.

Full-length APP has been implicated in several
neuronal functions such as cell adhesion, neuronal
differentiation, neuronal migration, neurite out-
growth and synapse formation [29]. In our present
study, there was no significant change of full-length
APP in the brain of normal C57/BL6 mice with
6-month treatment of 100 pumol/kg icariin (data not
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shown). Some studies in other laboratories also
proved that there was no significant alteration of
neuron morphology and Afi4o staining in the brain
after 3-month treatment of icariin to normal or sham
control rats [30, 31].

The transmembrane protein BACE-1 ((B-site
APP-cleaving enzyme 1) is the main -secretase that is
involved in the Ap-generating process. Previous
studies reported an upregulation of neuronal BACE-1
levels in the brains of 3-month-old APPV717I trans-
genic mice [32], and BACE-1 expression in frontal
cortices with AP deposition was 3 times as much as in
the cerebellum without AP burden [33]. In order to
determine the pharmacological target of icariin, the
levels of expression of BACE-1 in the brain of APP Tg
mice were measured in the present study. BACE-1
expression in the hippocampus showed a mild in-
crease in APPV7171I mice at 4 months of age (data not
shown) and a significant increase at the age of 10
months. Our research revealed that BACE-1 levels
increased mildly in early periods of hippocampal
disorders, but they were severely increased later with
aging. This increasing tendency of BACE-1 was con-
sistent with the change in APP. This may contribute to
the high levels of AP in the brains of APP Tg mice.
Icariin administration for 6 months significantly re-
duced the levels of BACE-1 expression in the hippo-
campus of APP V7171 Tg mice at the age of 10 months.
Inhibition of BACE-1 expression would be a novel
target for icariin in AD treatment.

The AP burden is related to both the excessive
BACE-1 expression and the enhanced BACE-1 activi-
ty. In the present study, the activity of BACE-1 was
not detected. However, in our previous study, we
found that Epimedium flavonoids (>50% of which is
icariin) decreased AP production in APP
cDNA-transfected SH-SY5Y neuroblastoma cells and
inhibited B-secretase activity in vitro [34]. Since icariin
accounts for >50% of Epimedium flavonoids, there is
the possibility that icariin can also inhibit BACE-1
activity, but this needs to be proved in the future
study.

Besides BACE-1, the other key enzyme involved
in the generation of AP is y-secretase, which is con-
sidered to have at least 4 integral membrane proteins,
such as presenilin 1 (PS-1), nicastrin, APH1, and
PEN2. Among them, PS-1 is the most important
component in y-secretase [35]. In our present study,
PS-1 did not show obvious changes in the brains of
APPV7171 Tg mice at the age of 10 months, and icariin
had no significant effects on PS-1 levels in the hippo-
campus of APP Tg mice after its administration for 6
months (data not shown).

Conclusion

The present study demonstrated that icariin re-
duced AP contents and its deposition and decreased
amyloid plaques in the hippocampus of APPV7171
transgenic mice by decreasing the expression of APP
and BACE-1, thus improved learning-memory abili-
ties. These novel findings suggest that icariin may
have the potential to block or retard the pathological
progression of AD. As an effective component of tra-
ditional Chinese medicine, icariin is promising for the
prevention and treatment of AD.
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