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Abstract

Macroautophagy, a sole pathway for dysfunctional organelles or aggregated proteins turnover, has been implicated in the early
development of Alzheimer’s disease (AD). Previous studies have found that reversal of autophagy dysfunction in APP trans-
genic mice ameliorates amyloid pathologies. Icariin (ICA), the main component from traditional Chinese herb Epimedium
brevicornu Maxim., can reduce accumulations of amyloid-p (Af) peptide in vivo and in vitro, but the mechanism remains
unclear. Here, we explored the effects of ICA on autophagy-lysosomal pathway in intracerebroventricular (icv) injection of
human Af,_4, peptide rats. We demonstrated that feeding the rats with ICA (30 mg/kg, 60 mg/kg and 90 mg/kg rat, per os)
for 4 weeks rescued the AP, 4,-induced spatial memory impairments, reduced endogenous rat AP, tested by ELISA and
decreased AP accumulation using 6E10 antibody. Furthermore, Ap, 4, induced strong autophagy response, however ICA
decreased the levels of microtubule-associated protein 1 light chain 3 (LC3) II/LC3I, Beclinl, Cathepsin D (Cat D) and
brain lysosomal Cathepsin D activity. We also observed that ICA enhanced the phosphorylation of protein kinase B (PKB/
AKT) and p70 ribosomal protein S6 kinase (p70S6K). In addition, ICA arrested AP, _4,-induced cells loss, mitochondrias
damage, nuclear membranes unclear and abundant nucleas chromatin agglutinates in hippocampus, lessened the expression
of Cleaved-caspase-3, brain oxidative stress, astroglial activation. These findings suggest that ICA can ameliorate amyloid
pathologies with improving autophagy-lysosome function and Chinese materia medica may be potential for AD treatment.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
progressive impairment of cognitive functions in humans
during aging. Amyloid-f (Ap) peptide, a 4-kDa peptide
derived from the sequential cleavage of amyloid precursor
protein (APP) by - and y-secretase, which has been well
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characterized biochemically [1-3]. AB accumulation in the
form of extracellular senile plaques (SPs) abnormally in
the brain are considered to trigger the AD pathogenesis
[2, 3]. Neuronal expression of mutants of APP in animal
models results in Af deposition, gliosis, and impaired
cognitive functions [4]. Clinically, the number of argy-
rophilic plaques is not closely correlated with severity of
AD [5-8]. Strikingly, memory impairments can occur in
the absence of AP plaque in APP overexpression mod-
els, and intracellular AP peptides may cause the cogni-
tive deficits [7, 9]. Valuable findings emphasize that oli-
gomeric forms of AP peptides, increasing in ageing and
AD located in pyramidal neurons of the hippocampus and
layer II of entorhinal cortex, is thought to be neurotoxic
and to impair learning and memory, synaptic plasticity and
hippocampal long-term potentiation (LTP) [10-12]. These
evidences support that A is toxic intracellularly before it
is released to form AP deposits extracellularly. Ap,, has
a greater propensity to selfaggregate into insoluble fibrils
and more neurotoxicity than Af,, [13]. AP oligomers
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(ABOs) now widely regarded as instigating neuron dam-
age leading to Alzheimer’s dementia [14, 15]. It has been
found that human Ap, 4, peptide intracerebroventricular
infusion induced impaired learning and memory and neu-
ronal dysfunction without Ap deposits [16, 17], widely
used as a non-transgenic animal model for AD.

Most neurodegenerative diseases are characterized by
the accumulation of misfolded proteins [18]. Macroau-
tophagy (hereafter referred to as autophagy) is an evo-
lutionarily conserved process, which is a pathway for
long-lived protein and cytoplasmic organelles by lysoso-
mal enzymes [19-21]. Autophagy is highly dynamic and
involves multiple steps, including initial formation of dou-
ble membranes, maturation of autophagosomes through
fusion with lysosomes, then formation of autolysosomes
for degradation [22]. AP generated in endosomes and
autophagic vacuoles, then delivered to lysosomes and
cleared through lysosomal proteolysis under normal con-
ditions [23]. However, the maturation of autophagolys-
osomes and their retrograde transport may be impaired
in AD patients and transgenic AD mice, which leads to
a large number of AP-containing autophagic vacuoles
markedly accumulated in dystrophic neurites before extra-
cellular AP deposition [24, 25]. Particularly, it has been
demonstrated that suppression of basal autophagy leads to
elevated AP accumulation aggregation and causes neuro-
degeneration [26, 27]. Conversely, increasing autophagy
is predicted to be beneficial for reducing accumulations of
Ap peptide and ubiquitinated proteins [28, 29]. Therefore,
modulation of autophagy dysfunction is a fundamental
strategy that may intervene the pathology of AD.

Icariin (ICA) the main component from traditional Chi-
nese herb Epimedium brevicornu Maxim., which exerts
osteogenic differentiation, antitumor, and estrogen-like
pharmacological activities [30-33]. ICA can rescue major
AD hallmarks in AD, including (i) that it improved learn-
ing and memory abilities in aged rats, Af,s_35 hippocam-
pal injected rats, senescence-accelerated mouse prone 8
(SAMPS8) mice and transgenic AD mice [34-37]; (ii) that
it attenuated AP-induced neurotoxicity by inhibition of tau
protein hyperphosphorylation in cultured rat pheochromo-
cytoma PC12 cells [38]; (iii) that it attenuated synaptic
and cognitive deficits by Ap;_4, in vivo [39]; (iv) that it
reduced the AP burden and plaque deposition by decreas-
ing the APP and p-Site APP-cleaving enzyme 1 (BACEI)
in APP transgenic mice [40]. Recently, it was shown that
ICA possesses anti-inflammation and antioxidation neu-
roprotective effects [41, 42], suggesting that it maybe a
scavenger for both reactive oxygen species (ROS) and Af.
Here, we injected human Af,_4, peptide into the intracer-
ebroventricular (icv) of male Sprague-Dawley (SD) rats
and feeded the rats with ICA to examine the effects of ICA
on autophagic process in vivo.

Materials and Methods
Antibodies and Chemicals

ICA (C43H,4O,5, molecular weight: 676.67) was purchased
from the National Institute for Food and Drug Control
(Beijing, China). Powder of ICA (with 99% purity as
determined by a high-performance liquid chromatography
assay) was dissolved in absolute ethyl alcohol (final con-
centration no more than thousandth) and diluted in drink-
ing water for 4 weeks. Human Af, 4, peptide (Catalog:
A9810), superoxide dismutase (SOD) determination kit
(Catalog: 19160) and other chemicals were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO, USA). DAB
Detection Kit was from ZSGB Bio. Co. (Beijing, China).
Bicinchoninic acid (BCA) kit, peroxidase-conjugated goat
anti-rabbit and goat anti-mouse secondary antibodies were
from Pierce (Rockford, IL, USA). The primary antibodies
used in the experiments are listed in Table 1.

Animals and Treatments

Adult male SD rats (3—4 months old, 250 +50 g) were
obtained from Hubei Province Academy of Preventive
Medicine. Rats were group housed (4-5/cage) with ad libi-
tum food and water and maintained on a reverse 12:12
light—dark cycle with lights on at 08:00 am at 20-22 °C
room temperature. All procedures were conducted in
accordance with the “Policies on the Use of Animals and
Humans in Neuroscience Research” revised and approved
by the Society for Neuroscience in 1995.

Human Af,_4, peptide were oligomerized according to
the procedure described previously [43]. In brief, AB; 4,
was dissolved in dimethyl sulfoxide (DMSO) and diluted
in sterile physiological saline to a final concentration of
2.6 pg/ul. Then the solution was incubated at 37 °C in dark
for 1 week for oligomerization before use. Since reverse
amyloid protein 42-1 (AB,,_;) has no effects on learning
ability and pathological changes in previous reports and
our preliminary experiments, sterile physiological saline
rather than AP,, , was used as control. The rats were ran-
domly divided into five experimental groups (n=10). The
animals were anesthetized by chloral hydrate (36 mg/kg,
i.p.) and placed on a stereotaxic instrument (Narishige Sci-
entific Instrument Lab., Tokyo, Japan). The coordinates for
the injection are AP-0.9 mm, L-1.5 mm and V-4 mm (from
bregma and dura, flat skull) according to the stereotaxic
atlas. 5 ul of the solution with Af,_,, was infused into the
lateral ventricle. After each injection, injectors were let in
place for 10 min in order to avoid flow back of solution.
The rats were fed orally with ICA (30 mg/day, 60 mg/day
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Table 1 Antibodies used in this article

Antibody (type) Specificity Catalog Source

APP (P) Level of APP 07-667 Millipore Corporation (Billerica, MA, USA)

LC3 (P) N-terminal portion of human microtubule- NB100-2220 Novus Biologicals (Littleton, Colorado, USA )
associated protein light chain 3

Beclin 1(M) for WB Human beclin 1 171-291 612112 BD Biosciences (San Jose, CA)

Beclin 1(P) for IHC Beclin 1 fusion protein Ag1843 11306-1-AP Proteintech (Chicago, IL, USA)

Cat D (P) Human cathepsin D sc-10725 Santa Cruz (Santa Cruz, CA, USA)

P62 (P) p62/SQSTM1 ab56416 Abcam (Cambridge, MA, USA)

Cleaved-caspase-3(P) Cleaved Caspase-3 (Aspl75) #9661 Cell Signaling Technology Inc. (Beverly, MA, USA)

22C11 (M) Amino acids 66-81 of N-terminus of APP MAB348 Millipore Corporation (Billerica, MA, USA)

AKT (P) Total AKT #9272 Cell Signaling Technology Inc. (Beverly, MA, USA)

pS473AKT (P) Phosphor-AKT at Serine 473 #9271 Cell Signaling Technology Inc. (Beverly, MA, USA)

p-p70S6K (M) Phospho-p70 S6 Kinase (Thr389) #9234 Cell Signaling Technology Inc. (Beverly, MA, USA)

p70S6K (P) Total p70 S6 kinase protein #9202 Cell Signaling Technology Inc. (Beverly, MA, USA)

Human AB,_4, (P) APy bs-0107R Bioss Inc. (Woburn, MA, USA)

6E10 (M) AB_6 803014 BioLegend (San Diego, CA, USA)

GFAP (M) Glial fibrillary acidic protein 60190-1-Ig Proteintech (Chicago, IL, USA)

GAPDH (P) GAPDH AB2302 Millipore Corporation (Billerica, MA, USA)

M monoclonal antibody, P polyclonal antibody, WB western blotting, /[HC immunohistochemistry

and 90 mg/day, the dose and duration were chosen refer-
ring to previous studies) before or after the icv injection.

Morris Water Maze (MWM)

The water maze (180-cm diameter, 60-cm high) was filled
with water around 23 °C and made opaque by addition of a
nontoxic black paint. Animals were trained to find a hidden
platform (2 cm below the surface of the water in a fixed loca-
tion in third quadrants) for 5 consecutive days and 4 trials
per day with a 30 min interval. The releasing point was ran-
domly distributed across four quadrants of the pool. For the
probe trial, spatial memory retention of the rats was meas-
ured 24 h after the 5-days training by MWM test. Then the
rats were anesthetized and decapitated and the hippocampi
extracts or brain slices were prepared for further studies.

Western Blotting

Hippocampus homogenate and protein extraction was per-
formed according to the procedure described previously
[44]. The protein concentration was estimated by BCA kit
according to manufacturer’s instructions. The proteins were
separated by 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluo-
ride membrane. The membranes were probed with the fol-
lowing antibodies: APP, 22C11, LC3, Beclinl, Cat D, P62,
total AKT, pS473AKT, p-p70S6K, p70S6K and GAPDH
(all 1:1000 dilution) for overnight at 4 °C, then incubated
with anti-mouse or anti-rabbit IgG conjugated to horseradish
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peroxidase (1:5000) for 1 h at 37 °C. The protein bands were
visualized using the enhanced chemiluminescence (ECL)
method and quantitatively analyzed by Kodak Digital Sci-
ence 1D software (Eastman Kodak Company, New Haven,
CT, USA).

For APOs Western blotting, 10 ug samples were run on
Tricine-SDS-PAGE gel electrophoresis, and transferred to
nitrocellulose membrane and probed with human AB,_4,
(Bioss, Woburn, MA, USA). Then the blots were incubated
with anti-rabbit IgG conjugated to IRDye (800 CW, Lincoln,
NE, USA) for 1 h at room temperature and visualized using
the Odyssey Infrared Imaging System (Lincoln, NE, USA).

Immunohistochemistry and Nissl Staining

Immunohistochemistry was performed according to the
procedure described previously [45]. In brief, the 25 um
vibratome sections (Leica, VT1000S, Germany) were per-
meabilized with 0.3% H,O,—phosphate-buftered saline—1%
Triton X-100 for 20 min to block endogenous peroxidase
and blocked with 3% bovine serum albumin for 30 min
and incubated with Cleaved-caspase-3, 6E10, Beclin 1 and
GFAP (diluted 1:200) for 48 h at 4 °C. Immunoreaction
was detected using horseradish peroxidase-labeled antibod-
ies and visualized with the DAB Detection Kit (Olympus
Optical, Japan).

Nissl Staining Solution (Cresyl Violet, Catalog: G1430)
was from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Stained samples were then dehydrated rap-
idly with 95% alcohol, cleared with xylene and mounted
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with the neutral resin. The intensity of images was quantita-
tively analyzed by Image Pro Plus 4.5 (Media Cybernetics
Inc. Silver Spring, MD, USA). For each experimental group,
we measured nine blinded slides (three arbitrary slides per
rat). Mean density values were counted to estimate the inten-
sity of immunohistochemical reaction.

ELISA

Hippocampus were homogenized in Tris Buffered Saline
(50 mM Tris—HCI, pH 7.6, 150 mM NaCl) containing pro-
tease inhibitor. The homogenized mixes were briefly soni-
cated to sheer the DNA and centrifuged samples for 20 min
at 1000xg according to the manufacturer’s instructions.
Remove particulates and lysates of brain tissue in aliquot
at —20 °C or — 80 °C for use. Concentrations of Af,, were
measured by a sandwich ELISA kit using a rat anti-Af,,
(Catalog: R1402) antibody, according to the manufacturer’s
instructions (Elabscience Biotechnology Co. Ltd., Hubei,
China).

Enzymatic Activity Assays

Cathepsin D Activity Fluorometric Assay Kit (Catalog:
K143) was from BioVision (BioVision, Inc., CA, USA) and
performed according to the procedure.

Measurement of Malondialdehyde (MDA) and SOD

Homogenized brain tissue extracted with PBS was mixed
with 1% phosphoric acid and 0.67% thiobarbituric acid for
1 h at 95 °C. The absorbance was measured at 532 nm. The
MDA content was expressed in micromoles per mg protein.
SOD content was determined with an SOD determination
kit.

Measurement of the Brain Content of ICA

The rats were fed orally with ICA (30, 60 and 90 mg/day)
for 4 weeks after AP, 4, injection, then decapitated at the
final day of 4 week-treatments and 1 week after 4 week-
treatments. The concentration of ICA was determined in
hippocampi of rats exposed to ICA by LC-MS/MS according
to a reported method with some modification [46].

Golgi Staining and Dendritic Spine Density Analysis

Golgi staining was performed according to the procedure
detailed previously. The images were observed under light
microscope (SF100, Nikon, Tokyo, Japan). For analysis of
dendritic spine density, the calculation always started from
the same position at 50 to 75 pm from the soma in apical

dendrites [47]. We carried out morphometry in 10 neurons
per animal in each group (n=3).

Transmission Electron Microscopy (TEM)
and Ultrastructural Analyses

Vibratome brain sections were cut and post-fixed in 1%
osmium tetroxide. Following alcohol dehydration, sections
were embedded in EPON resin (EMS) and ultrathin sections
prepared (EM UC7, Leica, Germany) and stained with ura-
nyl acetate and lead citrate. Material was viewed by TEM
(Tecnai G* 20 TWIN, FEI, USA) at 200 kV and images
were recorded. For each group, we measured 27 neurons in
Hippocampus (at least nine neurons were analyzed per rat).

Statistical Analysis

Data were expressed as mean + SD and analyzed using SPSS
10.0 statistical software (SPSS Inc., Chicago, IL, USA).
When two groups were being compared, the significance of
data was assessed by the 2-tailed Student unpaired t test. For
comparison of multiple groups, 2-way analysis of variance
(ANOVA), repeated-measures 2-way ANOVA, and 1-way
ANOVA with Bonferroni’s post hoc comparisons test was
used. We also normalized the data and present them as rela-
tive values for better understanding in our art works.

Results

ICA Improves Cognitive Deficits and Reduces Ap
in AB,_4, icv Injected Rats

Firstly, we confirmed the quality of oligomerization of AB; 4,
at 37 °C in dark for 1 week (Fig. 1b), then detected the effect
of ICA on spatial memory retention in Af,_, icv injected
rats. On the Ist day after icv injection surgery, the rats were
fed orally with or without ICA for 4 weeks. Then,rats were
trained on the MWM procedure for 5 consecutive days to
remember the invisible hidden platform. The timeline of the
experiments is described as Fig. 1a. The mean latencies of
4 trials in 5-days training session for 5 groups are shown in
Fig. 1d. As expected, the time to find the hidden platform
were remarkably prolonged in AP, 4, icv injected rats as
previously described and treatment with ICA mitigated the
AP,_4,-induced delayed escape latencies (Fig. 1d), suggest-
ing that spatial learning performance was improved by ICA in
AP, _y4, icv injected rats. After the 5-days training and ensur-
ing visual and physical skills were intact (Fig. 1e), platform
was removed and spatial memory was tested in probe trials.
We calculated the time spent in the target quadrant zone dur-
ing the 60 s test. AP, 4, icv injected rats failure to prefer the
goal quadrant, however, ICA improved AB,_,-induced spatial
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Fig. 1 ICA improves cognitive deficits in Af,_4, icv injected rats. a
A schematic diagram for the treatment of the rats; b to confirm the
quality of oligomerization of AP, 10 pug sample was separated by
tricine-SDS-PAGE gel electrophoresis using anti-human Af,_4,;
¢ ICA increased percentage of residence time in target quadrant by
probe test; d behavioral tests and quantitative analyses in the ICA
cure experiment. The mean latencies (4 trials performances per

memory retention damage with more percentage of residence
time in target quadrant (Fig. 1c).

Homogenates from the hippocampus were prepared and
quantitative analysis of Western blotting using anti-APP
and anti-22C11, which detect level of APP and amino acids
66—81 of N-terminus of APP respectively. Compared with
the control rats, APP and 22C11 were significantly allevi-
ated in the brains of AP, 4, icv injected rats, however, ICA
decreased levels of APP and ICA (at doses of 90 mg/day)
decreased 22C11 (Fig. 2a). ELISA tests showed that ICA
declined the levels of AP, in TBS fractions of hippocampal
homogenates compared with model group (Fig. 2b).

In order to visualized Ap distribution, a standard immu-
nohistochemical procedure was processed using specific
antibody 6E10 (against amino acids 1-16 of the A peptide).
There was almost no obvious intracellular staining to 6E10
in control group. Whereas the 6E10 positive staining was
observed in cytoplasm of cortical and hippocampal neurons
5 weeks after AP, 4, icv infusion, which was inhibited by
ICA (60 mg/day) (Fig. 2c, d).

ICA Reverses Autophagic-Lysosomal Dysfunction
Induced by AB,_,,

In the AD brains and in APPswe/PS1dE9 mice (over-
express mutant human PS1 and APP), accumulation of
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day) were recorded for 5 consecutive days after ICA treatment for
4 weeks; e average speed of swimming in MWM (n=10 rats each
group) (Data were expressed as mean+SD. Ctl, control group;
AB;_4», APy, icv injected rats; AP;_4,+ICA(30), AB,_4,+ICA(60)
and AP, 4, +ICA(90), ICA (30 mg/day, 60 mg/day and 90 mg/day
respectively) *p <0.05; **p<0.01 vs Ctl (control group); *p <0.05;
#p <0.01 vs AB;_y, (AB,_y, icv-injected group)

Ap-containing autophagic vacuoles are observed in dys-
trophic neurites, which may be a site for Ap production.
Based on these findings, we next investigated ICA on
autophagic process in AB;_y, icv injected rats using the fol-
lowing antibodies to test the autophagic flux. Microtubule-
associated protein 1 light chain 3-I (LC3-I), a cytosolic
soluble protein, is converted to LC3-II that first appears
on newly formed autophagosome and degraded quickly by
lysosomal enzymes after autophagosome/lysosome fusion
[48]. We observed the effects of ICA on the autophagy-
related signaling by its acute and chronic treatments.
The rats were received a single gavage of dissolved ICA
(90 mg/kg) after AP,_4, peptide injection and decapitated
24 h after gastrointestinal treatments. The hippocampi
extracts were prepared for measuring the conversion of
LC3-I into LC3-II to investigate autophagosome forma-
tion. Immunoblot analysis showed that high proportions
of LC3-II/LC3-I in the hippocampus of AB,_4, icv injected
rats, indicating that AP activated the autophagic process,
which consistent with previous results in vitro [49]. There
were no significant differences of LC3-1I/LC3-I between
acute ICA treatments and A, 4, icv injected groups (Fig.
S1). In contrast, compared to the model group, the levels
of LC3-II/LC3-I were much lower in 4 week ICA admin-
istration groups and there were no detectable differences
between ICA administration group and control group
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(Fig. 2a, b). These results means that chronic instead of
acute ICA treatments can efficiently increase autolysosome
turnover of LC3-II. To assess recruitment of membranes
to form autophagosomes and protein degradation/clear-
ance, we detected the key proteins using Beclinl [50] and
Cat D antibodies respectively by western blotting. Beclinl
and Cat D were strongly increased in the hippocampus of
AB,_4, icv injected animals, however, chronic ICA treat-
ments obviously reduced the proteins compared with those
in this AD model rats. It was interesting that there were no
significantly differences in P62 levels between control and
model groups (Fig. 3a, b). Then, we detected enzymatic

activities of Cathepsin D in hippocampal homogenates.
Enzymatic activities of Cathepsin D were higher in Af,_4,
icv injected rats brains than in control brains, however
chronic ICA treatments decreased Cathepsin D activity
(Fig. 30¢).

Phosphorylation of the kinases mammalian target of rapa-
mycin (mTOR) and p70S6K which modulate cell growth,
proliferation and autophagy. Expression of p70S6K was
examined using antibodies against its total and phosphoryl-
ated at Thr389 forms. In AB, 4, icv injected rats homoge-
nates, a decreased level of phosphorylated p70S6K was
observed, however, a significant increase of p-p70S6K/
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Fig.3 ICA decreases AP;_45- a
induced autophagic process LC3I
activation in vivo. Animals

. LC3II
were sacrificed and homogen-
ates from the hippocampus were
prepared 1 day after testing
session. a, b Western blotting
and quantitative analysis found
that ICA decreased conversion
of LC3-I into LC3-II, Beclin 1
and Cat D levels, which were
increased in AP,_y, icv injected
rats normalized to GAPDH.
There were no significantly
difference in P62 levels normal-
ized with respect to GAPDH; ¢
¢ enzymatic activities of Cath- \CP’ \Q?’
epsin D were higher in AB,_4,
icv injected rats brains than in
control brains, however ICA
decreased Cathepsin D activity;
d p-p70S6K and total p70S6K
were detected by Western
blotting; e quantitative analysis
of p-p70S6K/p70S6K. Data
were expressed as mean + SD,

CatD
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p70S6K was analyzed in chronic ICA treatment groups
(Fig. 3d, e).

The Beclinl-positive neurons were distributed in the
CA1, CA3 and dentate gyrus (DG) regions of the hippocam-
pus 5 weeks after AB,_4, icv injection, whereas chronic
ICA group revealed a decrease in the expression of Beclinl
detected by immunohistochemical analysis (Fig. 4a, b). At
the ultrastructural level, there were active lysosome with
digestion vacuoles in cytoplasm (Fig. 4c) and axon in hip-
pocampal neurons of A, 4, icv injected rats (Fig. 4d) using
Tecnai G 20 TEM. Dystrophic neurites are grossly enlarged
containing predominantly AVs of varying morphologies in
hippocampal neurons from A;_, icv-injected rats (Fig. 4e)
compared with neurites from control (Fig. 4f) and ICA rats
(Fig. 4g). To explore the antioxidant system, MDA lev-
els and SOD contents were measured. As expected, ICA
treatment suppressed AP, _4,-triggered the levels of MAD
(Fig. 4h), as well as SOD contents of the ICA group were
higher than that of the model group (Fig. 41).
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Next, we measured the brain content of ICA at final day
of 4 week-treatments and 1 week after 4 week-treatments
to investigate whether ICA can penetrate the blood—brain
barrier and the persistence of ICA’s efficacy. Under the opti-
mized LC-MS conditions, ICA was found with extremely
low distribution in brain, which indicated that ICA could not
efficiently cross the blood-brain barrier. Meanwhile, there
were no significant differences between the two time points,
demonstrating that the concentration of ICA did not decrease
after 1 week of withdrawal and ICA in the brain may not
regulate autophagy signals directly (Fig. S2).

Furthermore, to explore whether ICA canceled or off-
setted the effect of Ap, the rats were fed with ICA (30, 60
and 90 mg/kg) alone for 4 weeks. We didn’t find that ICA
could decrease endogenous rat Af,, tested by ELISA (Fig.
S3A), There were no significant changes of MAD and SOD
(Fig. S3B, C), indicating that these doses of ICA hadn’t neu-
rotoxicity. These results suggesting that ICA maybe have
a compensatory effects of reducing Af and neutralizing



Neurochemical Research (2019) 44:2708-2722

2715

Fig.4 ICA reduced Beclinl a
expression and ameliorated dys-
trophic neurites and oxidative
stress. a, b ICA reduced Bec-
lin1-positive neurons distributed
in hippocampus 5 weeks after
AP,_4, icv injection; Scale bars:
10 pm; Active lysosome with
digestion vacuoles in cytoplasm
(¢) and axon (d) in AB;_4,
icv-injected rats by TEM. e
Dystrophic neurites (arrows)
contain predominantly AVs of
varying morphologies in hip-
pocampal neurons from Af,_,,
rats. By contrast, AVs are rare
in control (f) and ICA brain (g);
h, i ICA had antioxidation to
antagonize Af,_4,. Scale bars:
500 nm. Data were expressed

as mean + SD (n=23 rats each
group). *p<0.05; **p<0.01 vs
Ctl (control group); *p <0.05;
#b<0.01 vs AP, 4, (AP 4, icv-
injected group)

the toxicity of AP in vivo. The ratios of LC3-II/LC3-I in
ICA (90 mg/kg) group were much higher than that in other
groups, however, Beclinl and Cat D had not changes in four
groups (Fig. S3D, E).

ICA Reduces Cleaved-Caspase-3 Expression,
Astroglial Reaction and Rescues Ultrastructure
in Hippocampus of AB,_,, icv Injected Rats

It has been known that AP peptide induces apoptotic cell
death through mitochondrial toxicity and caspase-3 activa-
tion [51-54]. Therefore, we evaluated the effects of ICA on
expression of Cleaved-caspase-3 protein and ultrastructure
of hippocampal neurons. Quantitative analysis showed that
ICA (60 mg/day) attenuated the AB;_4,-induced increase of
Cleaved-caspase-3 levels in hippocampus (Fig. 5a, b). In the
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CA1 and CA3 regions of the hippocampus, Afp,_4, injection
significantly induced a decrease in the number of pyrami-
dal cells, while ICA inhibited cell loss using Nissl staining
(Fig. 6¢, d). To understand whether upstream molecule pro-
tein kinase B (PKB/AKT) were involved in anti-apoptosis
effect of ICA, we measured the activity-dependent phospho-
rylation level of AKT at serine 473 (pS473AKT). We found
that ICA obviously increased the ratio of pS473AKT/AKT
(Fig. 5¢, d).

Next, we performed studies on ultrastructure of mito-
chondrias and nuclei in the brains. Electron micrographs of
the CA1 hippocampal area showed that control rats had nor-
mal mitochondrias with two bounding membranes enriched
in regions of active synapses and nuclei possess clear mem-
branes. AB,_4, icv injected rats had damage mitochondrias
reflected by the degree of the swelling in dystrophic neurites
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Fig.5 ICA reduces Cleaved- a Cl d 3 C kDa
caspase-3 expression and _ .€aved-caspase-5 G o e s G e
rescues ultrastructure of Ctl s AT pS473AK T 60
mitochondrias and nuclei in e !

: . i o e e S e i A )
the hippocampus of A, 4, icv ; & . CAL DG ~ AKT e .

injected rats. a, b Immunohis-
tochemistry and quantification
of Cleaved-caspase-3 in CAl
and DG of hippocampus. Scale
bars: 10 yum; ¢ PS473Akt

and total AKT were tested by
Western blotting; d Quantita-
tive analysis for proportions of
AKT/GAPDH and pS473AKT/
AKT; e Control rats had normal
mitochondrias with two bound-
ing membranes enriched in
regions of active synapses and
nuclei possess clear membranes.
AP, _4, icv injected rats had
damage mitochondrias reflected
by the degree of the swelling

in dystrophic neurites (arrows)
and nuclei had unclear nuclear
membranes and abundant nucle-
ase chromatin agglutinates,
however, ICA ameliorated the
organelles structure. Scale bars:
1 um; f, g Quantification for
dendritic spines intensity of api-
cal segment of CA1. Scale bars: CAl
10 um. Data were expressed as
mean + SD. Mito, mitochondria;
N nucleus; *p <0.05; **p <0.01
vs Ctl (control group); *p <0.05;
#p<0.01 vs APy, (AP,_y, icv-
injected group)
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(arrows) and nuclei with unclear nuclear membranes and
abundant nucleas chromatin agglutinates, suggesting that
AP,_4, cause neuronal apoptosis in vivo. ICA obviously
ameliorated Af,_s,-induced severely disrupted organelles
structures in hippocampus (Fig. 5e). Ap accumulation was
associated with aberrant synaptic structure in the hippocam-
pus of APP transgenic mice [55]. A significant increase of
spine density in hippocampal CA1 region was observed in
ICA administration groups, which was decreased in AB;_4,
rats detected by Golgi staining (Fig. 5f, g).

It was well known that glia cells can produce inflamma-
tory cytokines as well as generate AP when they are acti-
vated [56]. Glial fibrillary acidic protein (GFAP)-positive
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cell numbers was increased by 30% 5 weeks after AB,_4,
injection in the hippocampus compared to control rats,
whereas ICA revealed a decrease in the expression (Fig. 6a,
b).

Prevention of ICA Improves AB,_,,-induced
Cognitive Deficits and Autophagic Dysfunction

Finally, we compared the effects of prevention and treatment
ICA (60 mg/day) on spatial memory retention in this non-
transgenic AD model animals. The timeline of the preven-
tion and treatment experiments is described as Fig. 7a. For
prevention and cure studies, ICA was provided before or
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pocampus of AP, icv injected rats. a, b Immunohistochemistry
and quantification of GFAP of hippocampus; ¢, d representative
microphotographs of Nissl staining in hippocampus CAl and CA3

after AP, 4, injection for 4 weeks respectively. After 5 days
of MWM learning trials, the mean escape latencies were
significant shortened and the numbers of target quadrant
crossings were increased in prevention and treatment of ICA
in probe test (Fig. 7b, ¢). The levels of LC3-II/LC3-I and
Beclinl were lower in both the prevention and treatment
groups than that in AD model group (Fig. 7e, f). Hippocam-
pal Cathepsin D enzymatic activity assays also showed a
significant decline in both the prevention and treatment
groups compared with AB, 4, injected group (Fig. 7d). Pre-
vention and treatment of ICA increase Ap;_4,-induced ratios
of p-p70S6K/p70S6K (Fig. 7g, h). Electron micrographs of
the CA1 hippocampal area showed that oral ICA preven-
tion prominently attenuated AB-induced abundant enlarged
mitochondrias and nucleas chromatin agglutinates (Fig. 71).
These results suggested that both prevention and treatment
of ICA improves Af,_4,-induced cognitive deficits, patho-
logical changes and autophagic dysfunction.

Discussion

In the present study, we have found that ICA effectively
reversed Af;_4,-induced spatial memory deficits and path-
ological changes in a Non-transgenic Alzheimer’s animal
model. Oral supplement of ICA after AB,_,, icv injection
suppressed AP, reversed AP-induced autophagic process

0
AB1a2 ICA+AB Ctl  APi42 ICA+AB

subfields; Scale bars: 10 um. Data were expressed as mean=+ SD.
*p<0.05 vs Ctl (control group); *p<0.05 vs AP, (ABy_y, icv-
injected group)

activation, enhanced p70S6K and preserved mitochondrias
and nucleas damage, and most importantly, attenuated the
cognitive impairments.

We use icv infusion of Af;_4, human peptide in rats rather
than AD transgenic mice to simulate the specific role of
AP peptides per se in development of AD pathology, since
familial genetic mutations are responsible for only a small
portion of AD cases [57]. One of our findings is that a sin-
gle icv injection of AP, 4, provoked behavioral, biochemical
and morphological alterations 5 weeks after injection, sug-
gesting A oligomers are highly neurotoxic. In this work,
long-lasting effects of AP oligomers injection modified APP
processing. At present, the underlying mechanism by which
Ap treatment can induce expression or processing of APP
remains unclear. Some earlier reports have shown that Ap
peptide can bind to an AB-interacting domain in a sequence-
specific manner in the promoter region of APP and BACEI.
Thus, it is possible that AP peptide may act as transcription
factor or cofactor in its own right to regulate the expres-
sion of APP and BACE1 [58-60]. Moreover, astrocytes fol-
lowing exposure to AP enhance levels of APP leading to
increased production/secretion of Ap-related peptides, con-
tributing directly to the progression of AD pathology [56,
61]. Agreement with earlier studies, we discovered that Af
injection produced a sustained increase of glia cells activity,
maybe related to the rise of AP production. Besides, strong
evidence indicates that autophagy is an active pathway for
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Fig.7 Both prevention and a
treatment of ICA improves cog-
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APP processing and A production and degradation in
pathological conditions [23]. These findings may explain
human Ap,_,, infusion led to rise of APP expression, endog-
enous rat Af,, levels and hippocampal 6E10-positive cells
in present study. ICA treatments decreased endogenous rat
AP, after exogenously AP administration, implying that the
extracellular AB-degrading enzyme activity had increased or
the intracellular uptake of AP had increased. The detailed
mechanisms of the phenomena should be explored, for
instance, neprilysin (NEP), insulin-degrading enzyme (IDE),

@ Springer

matrix metallopeptidases (MMPs) and receptor for advanced
glycation end products (RAGE) pathway would be detected
in our future research.

As examined by Western blotting, it could be suggested
that the function of ICA (90 mg/kg) is to suppress the
increase in expression level of 22C11 induced by Ap. We
suspect that ICA (90 mg/kg) may inhibit APP protein tran-
scription or increase APP protein degradation. APP mRNA
and ubiquitination level of APP need to be detected in fur-
ther experiments. Unexpected, compared with control group,
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ICA (90 mg/kg) alone enhanced the ratios of LC3-1I/LC3-I
with no changes of Beclinl and Cat D. We propose that ICA
at dose of 90 mg/kg is through its dual functions in regulat-
ing autophagy. Under normal conditions, ICA (90 mg/kg)
increased autophagosome formation, while, it restrained
overactivation of autophagy trigged by Ap.

Deficient autophagy is implicated in the development
of AD progression, manifesting that induction and matura-
tion of autophagosomes are impaired. The autophagosomes
tend to accumulate markedly in dystrophic neurites before
A deposition at young ages of APP/PS1 transgenic mice,
indicating that induction of autophagy is an early response
in AD. To date, many studied about Af;_4, on autophagic
pathway on different conditions include (i) that A 24 h incu-
bation with AP in SH-SYS5Y cells results that have damaged
lysosomes and accumulate autophagic vacuoles [62]; (ii)
that AP induced astrocyte dysfunction in autophagic acti-
vation and up-regulated inflammatory secretion [63]; (iii)
that autophagy was suppressed after Af,, exposure in the
cultured hippocampal neurons [64]; and (iv) AP, _4, induced
strong autophagy response with increase of the autophago-
some formation and the conversion of EGFP-LC3-I to
EGFP-LC3-II after 4 h incubation in SH-SY5Y/pEGFP-LC3
[49]. Our data indicate that that AB,_,, produced a long-term
increase of autophagic process even 5 weeks after the injec-
tion, reflecting increase of LC3-II, Cathepsin D and Beclin
1 protein levels and Cathepsin D enzymatic activity in vivo.
Report from JCI showed that Beclin 1 was strongly reduced
in the brains of AD patients [29], while, it was increased in
our AD model rats. This discrepancy may be due to differ-
ent AD model animals we used. Here, we also found that
P62 did not manifest any differences among these groups.
If autophagic flux is unobstructed, the increase of LC3-II
turnover is accompanied with decrease of P62 protein. These
results suggested that autophagic flux is blocked in AB;_4,
icv injected rats.

Our work demonstrated that ICA inhibited AB;_4,-
induced autophagic process activation, which partially con-
sistent with the recent study [65]. Conversely, some articles
claim that the upregulation of autophagy is a promising ther-
apeutic target, promoting the clearance of aggregate-prone
proteins. For instance, activation of autophagy in mice trans-
genic for human mutant P301S tau decreased the number of
tau inclusions and increased nerve cell survival in cerebral
cortex and brain stem [66]; application of the autophagy
enhancer rapamycin may alleviate the cognitive impairment
and Af neuropathology in animal model of AD [67]; induc-
tion of the autophagy pathway by enhancing Beclin] activity
reduces intracellular and extracellular Ap in APP transgenic
mice [29]. Although activation of autophagy is known to
play a preventive measure to combat onset of some neurode-
generative diseases including early stages of AD, upregula-
tion of autophagic process may backfire if applied to later

stages of AD, in which toxic oligomeric AP is progressively
released. These observations raise the question of whether
inducing of autophage is beneficial or detrimental to AD
depends on the context. Because activation or inhibition of
autophagy alone maybe have an unintended side effect on
AD treatment, therefore, keeping autophage flux homeosta-
sis can be a strategy for prevention and treatment of AD.

It was reported that ROS play an essential function in
the induction of the type III PI3 kinase and autophagy in
response to AP [68]. Alternatively, ICA can be metabolized
into icariside II by intestinal flora after oral administration.
Icariside II is considered to be a novel phosphodiesterase 5
(PDEYS) inhibitor, reducing ROS levels and restoring mito-
chondrial function [69]. Especially, PDES is upregulated in
temporal cortex of AD patients [70]. Combined with our
results, we speculated that ICA serve as oxidative metabo-
lites scavenger and against AP-triggered oxidative stress,
raising the possibility that inhibiting Af,_4,-induced oxida-
tive stress and autophagic process.

Besides its ability to keeping autophage flux, ICA may
be involved in anti-apoptotic effects presenting decline of
caspase-3 activity and improvement of hippocampal ultra-
structure. First, we examined that ICA efficiently inhib-
ited Cleaved-caspase-3 and increased the activity of AKT
reflected by the increase of pS473 AKT/AKT. Furthermore,
ICA significantly attenuated Af-induced defective mito-
chondrias, abundant nucleas chromatin agglutinates of
nuclei and the number of dendritic spines in hippocampus.
Taken together, our results indicate that ICA can reduce
the amount of AP aggregates, maintain homeostasis of
autophagic systems and even improve cognitive deficits in
AP,_4, icv injected rats and traditional Chinese herb maybe
beneficial to AD.
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