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ABSTRACT. Ginsenoside Rh2 (Rh2) is a ginseng derivative used in
Chinese traditional medicine. We investigated whether Rh2 can help
prevent Alzheimer’s disease symptoms and examined underlying
mechanisms. We injected Rh2 into tg2576 Alzheimer’s disease model
mice and looked for behavioral improvement and senile plaque
reduction in brain slices. We measured amyloid precursor protein
(APP) metabolism species changes, amyloid beta40 and 42 levels
and B, y secretase activity in primary hippocampal neurons. By living
cell staining, we detected surface and endocytosed APP. We also
measured cholesterol and lipid rafts in primary neurons. Rh2 treatment
significantly improved learning and memory performance at 14 months
of age; it also reduced brain senile plaques at this age. Based on in vitro
experiments, we found that Rh2 treatment increased soluble APPa
(sAPPa) levels, increased CTFa/p ratios, and reduced amyloid beta 40
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and 42 concentrations. Surface APP levels dramatically increased. Based
on living cell staining, we found that Rh2 inhibited APP endocytosis.
Based on lipid removal and reload experiments, we found that Rh2 can
modulate APP by reducing cholesterol and lipid raft levels. We concluded
that Rh2 improves learning and memory function in Alzheimer’s disease
model mice, and that this improvement is accomplished by reducing
amyloid beta secretion and APP endocytosis, which in turn is achieved
by reducing cholesterol and lipid raft concentrations.

Key words: Rh2; APP processing; Cholesterol; Lipid raft;
Alzheimer’s disease

INTRODUCTION

A key event in the pathogenesis of Alzheimer’s disease (AD) is the proteolytic process-
ing of the B-amyloid precursor protein (APP) by the two proteases - and y-secretase, lead-
ing to the formation of the amyloid-f3 (AP) peptide which accumulates in AD brains (Hardy,
2002). B-secretase (BACE1) cleavage of APP generates two products (Vassar et al., 1999): the
N-terminal secreted APPf fragment (sAPPf) and the C-terminal membrane-bound fragment
(CTFB/C99) which is further cleaved by y-secretase complex (composed of presenilin 1/2 or
PS1/2, nicastrin, Aphl and Pen2) to generate AP peptides (Sun et al., 2012). In parallel with the
amyloidogenic f-secretase pathway, APP can also be processed through the non-amyloidogenic
a-secretase pathway, which precludes the generation of AP. B-secretase cleavage of APPwt is
thought to happen primarily within endosomal compartments (Cirrito et al., 2008), and cleavage
of APP by a-secretase has been suggested to occur mainly at the cell surface (Sisodia, 1992). Re-
cent evidence increasingly implicates intracellular APP trafficking as the main mechanism regu-
lating the access of APP to its secretase and thus AP generation (Sannerud and Annaert, 2009).

There is growing evidence that cholesterol contributes to the pathogenesis of Al-
zheimer’s disease. Elevated dietary cholesterol uptake increased amyloid plaque formation in
rabbits and transgenic mice (Refolo et al., 2000), and cholesterol loading and depletion affects
AP generation in cultured cells (Fassbender et al., 2001). In addition to the indirect effects of
cholesterol on APP processing, recent findings suggest that cholesterol may directly modulate
the activity of B-secretase (BACE1) (Kalvodova et al., 2005), while contradictory results have
been reported for the effect of cholesterol on y-secretase cleavage of APP (Wada et al., 2003).
Additionally, it has been recently shown that increased cholesterol levels initiate endosome
enlargement and increased amyloidogenic processing of APP (Cossec et al., 2010), supporting
the notion that alterations in cholesterol metabolism could initiate AD pathogenesis.

Ginseng root has been commonly used in traditional Chinese medicine for over 2000
years as a tonic against stress (Lu et al., 2008). Although ginseng has potential adverse effects
such as hypoglycemia and an increased risk of bleeding (Ang-Lee et al., 2001), the incidence
of these adverse effects seems to be low (Topliss et al., 2002). Ginsenosides (steroidal glyco-
sides), the major active components in the extracts of various kinds of ginseng, are responsible
for the pharmacological effects of ginseng on the central nervous, cardiovascular, endocrine,
and immune systems (Chen et al., 2006). There are two major classes of ginsenosides in gin-
seng, namely protopanaxatriols (Rgl, Rh2, Re, and Rf) and protopanaxadiols (Rb1, Rb2, Rc,
and Rd) (World Health Organization, 1999). Among them, ginsenoside Rh2 is one of the
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most active and abundant components and contributes to many of the effects of ginseng. Gin-
senoside Rh2 (Rh2) is known to alleviate multi-drug resistance in cancer cells and attenuate
amyloid-induced cytotoxicity (Shieh et al., 2008). Multi-drug resistance proteins and amyloid
beta are predominantly localized in lipid rafts, the functions of these proteins are inhibited
when lipid rafts are disrupted. On the basis of the above observations and considering its simi-
lar structure to cholesterol, it is tempting to speculate that Rh2 could disrupt lipid rafts (Urano
et al., 2005). However, the exact molecular mechanism of whether and how Rh2 can protect
AD occurrence is still unclear. Here, we investigated whether cholesterol and lipid rafts are
involved in Rh2-regulated APP trafficking and processing.

MATERIAL AND METHODS
Materials

Ginsenosides were purchased from BTGin (Chung-Nam, Korea). Eagle’s Minimum
Essential Medium (DMEM) was purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). Neurobasal A medium (phenol red-free), N2 supplement, fetal bovine
serum, penicillin, streptomycin, and anti-APP antibodies (A8717; anti-APP C-terminus) were
purchased from Sigma. anti-APP antibodies 6E10 and 22C11 (anti-APP N-terminus) were
purchased from Signet and Chemicon, respectively.

Primary neuron culture

Cortex neurons were isolated from mouse embryos at day 16 of gestation. The cortex
neurons were plated at densities of 20,000 cells/cm? in 6-cm tissue culture dishes contain-
ing poly-L-lysine (1 mg/mL; Sigma Aldrich)-coated glass coverslips and Neurobasal medium
supplemented with 2% B27 and 0.5 mM glutamine (all from Invitrogen).

Experimental animals and drug administration

Forty tg2576 mice, 12 months old, and the same number of wild-type (WT) control
mice of the same age were provided by the university animal facility. Before experiments, they
were kept under defined environmental conditions (25°C, 50% relative humidity, 12-h light-
dark cycle) and were given standard diet and water ad libitum. Mice were divided into four
groups: tg2576-vehicle; tg2576-Rh2; control-vehicle and control-Rh2 (N = 20 each group).
Mice in both Rh2 and vehicle treatment groups were intraperitoneally injected with the related
reagents in saline at a daily dose of 10 mg/kg body weight. After 8 weeks of Rh2 treatment,
all mice were subjected to behavior experiments and then sacrificed for further experiments.

Morris water maze test

The Morris water maze (MWM) test was conducted according to Morris (1984). The
water-filled (23°C) black-colored tank (150 cm diameter; 60 cm depth) was arbitrarily divided
into four quadrants of equal area. A circular platform (10 cm in diameter) made of transparent
Perspex was submerged 1.0 cm below the water surface with its center 37.5 cm from the pe-
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rimeter, in the middle of one quadrant (the target quadrant). A closed-circuit television camera
was mounted onto the ceiling directly above the center of the pool to convey subject swim-
ming trajectories and parameters to an electronic image analyzer.

Procedure

Habituation: The MWM test began with one-day habituation. The mice were forced to
stay on the platform for 45 s, which was 1.0 cm beneath the water. If the mice jumped down,
they would be put back onto the platform, while the time record was re-started.

Hidden platform training and probe trial: Hidden platform training was performed ac-
cording to Shieh et al. (2008) with variable interval probes to evaluate learning and memory
repeatedly. The mice were subjected to one day habituation as described above. Starting on the
following day, the hidden platform training was performed in two sessions a day, separated by
4 h, for five consecutive days. The mice were placed in the pool facing the perimeter, allowed
a maximal time of 90 s to find the platform and step onto it. If the mice crossed the platform
without stopping (jumping immediately into the water), it was left to swim on. After finding
the platform, the mice were allowed to stay on it for 15 s. If the mice failed to find the platform
in the allotted time, it was guided onto the platform and allowed to stay on it for 15 s. After
finishing all three trials, the mice were taken from the platform, gently dried with a towel and
returned to their home cage. Four hours later, the next training session started. Between two
successive trials, the water was stirred to erase olfactory traces of the previous swimming pat-
tern. The platform was left in the same location throughout the hidden platform training. The
same experiment would last for 7 days in a row.

AP levels

AP levels in the culture medium of primary neurons and in the hippocampus tissue of
the tg2576 mice were measured using the Mouse/Rat A (1-42) ELISA kit (IBL International
GmbH, Hamburg, Germany) according to manufacturer protocol. Before measurement of A3
release into the culture medium, the medium was replaced by fresh serum-free DMEM. After
cells were treated as described above, the medium was collected and A levels were measured by
AR ELISA kit using the Victor2 Multilabel Counter (Perkin Elmer/Wallace) at a wavelength of
450 nm. AP levels were measured in hippocampal tissue that was homogenized and centrifuged
(70,000 g for 20 min at 4°C), using a 100-pL sample of the supernatant. Spectrophotometric data
were then obtained using the same Victor2 Multilabel Counter at 450 nm. The protein concentra-
tion was measured as described above. A levels were corrected for protein content.

o- and P-secretase activity

a- and B-secretase activity was measured following manufacturer instructions (GBD,
San Diego, CA, USA). The protein concentration was determined, and equal amounts of pro-
tein and primary antibody were added to each well for one hour in a 37°C incubator. The wells
were then washed 5 times and secondary antibody was added; the plate was then placed in a
22°C incubator for another 20 min. Stop buffer was added and the final value was determined
at 450 nm using a spectrophotometric microplate reader.
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Cell surface biotinylation

Cell surface biotinylation was performed using EZ-Link™ Sulfo-NHS-SS-Biotin (1
mg/mL) and Neutravidin™ Protein beads (all from Pierce) as described (Sharifov et al., 2011).
During the biotinylation procedure, all reagents and cell cultures were kept on ice. The cells
were washed three times in PBS, pH 8.5 (measured at 4°C), then incubated in 1 mg/mL EZ-
Link™ Sulfo-NHS-SS-Biotin solution (Pierce) in PBS, pH 8.5, for 30 min and washed twice
with 100 mM glycine in PBS on plates. The cells were then harvested in lysis buffer (1% NP40,
0.1% SDS in PBS, pH 8.5) in the presence of a protease inhibitor cocktail (Roche Applied
Science, Germany). Lysates were incubated for 20 min on ice, centrifuged at 4°C for 10 min
at 16,000 g. Supernatants (normalized per mg protein) were incubated overnight with 50 pL
Neutravidin™ Protein beads (Pierce) with constant rocking. Neutravidin beads were washed
three times with PBS, then dried by aspiration, resuspended in 2X sample buffer, heated for 10
min at 70°C and used for Western blot analysis of cell surface APP. For determination of total
APP levels, the cell lysates were blotted and analyzed as indicated. The signals were quantified
and expressed as the ratio of the cell surface and total (mature+immature) APP levels.

Measurement of cholesterol content

Cells grown in 60-mm dishes were washed three times with PBS at room tempera-
ture. Ice-cold 1X cholesterol measurement reaction buffer (0.05 M NaCl, 5 mM cholic acid,
0.1% Triton X-100, 0.1 M potassium phosphate, pH 7.4) was added to the dishes and cells
were lysed for 20 min at 4°C. Lysates were transferred to 1.5-mL Eppendorf tubes and soni-
cated briefly. Protein concentration was measured using the Bradford Ultra kit (Novexin Ltd.,
Cambridge, UK), and cholesterol was measured using the Amplex Red Cholesterol Assay kit
(Molecular Probes, Inc., Eugene, OR, USA).

Cholesterol depletion and reloading

To load cholesterol, primary neurons were treated with 100 uM MBCD-cholesterol
complex (Sigma Aldrich) for 4 h after 24 h incubation in 10% LPDS medium. For chronic
cholesterol depletion, we cultured neurons in 10% lipid-deficient serum (LPDS, Cocalico Bio-
logicals Inc.) medium plus methyl-B-cyclodextrin (MBCD, Sigma Aldrich) for 24 h.

Vital staining

Immunocytochemistry was performed on mice cortex neurons as follows. Cortex neu-
rons were directly incubated with primary antibody in incubator for 30 min and washed with
cold PBS three times. The coverslips were put back in normal NB27 medium for another 30
min to allow endocytosis. Afterwards, cells were fixed with 4% paraformaldehyde for 15 min
and directly incubated with Alexa Fluor 488 or 594-conjugated secondary antibody for 1 h.
The cells were washed three times with cold PBS and then blocked with non-fluorescence-
conjugated secondary antibody in the same species overnight. After permeabilization with
0.1% Triton X-100 for 5 min, the neurons were incubated with another kind of secondary
antibody for staining endocytosis.
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For lipid raft staining, living cells were stained directly by Alexa Fluor-594 conjugat-
ed with cholera toxin subunit B (CTx-B) for 30 min in an incubator, and then observed under
a microscope with or without mounting.

Confocal images were acquired on an inverted laser scanning confocal microscope
(Zeiss Axiovert 200M) with a 60X/1.3 N.A. water immersion lens. Images were taken and
analyzed with the LSM 510 confocal software (Zeiss).

Immunohistochemistry

After 6 min of perfusion with saline, mouse brains were divided sagittally in half;
one half was immersed in paraformaldehyde (4%) for 26 h. Serial vibratome sections (20
um, two sections from each mouse) were incubated with a mixture of the two media: (A)
5 mg acetylthiocholine iodide, 6.5 mL 0.1 mM acetate buffer, pH 6.0, 0.5 mL 30 mM cop-
per sulfate, 1.0 mL distilled water, and 0.2 mL 4 mM iso-octamethyl pyrophosphoramide
(1s0-OMPA); and (B) 1.0 mL 5 mM potassium ferricyanide at 37°C for 5 min and rinse with
tap water for 10 s. Afterwards, they were developed with freshly prepared 3-3' diamino ben-
zidine tetrahydrochloride (25 mg in 100 mL 0.05 M phosphate buffer, pH 7.0), containing
0.015% H,O, for 5 min at room temperature, and then washed with tap water, dehydrated
and mounted. Sections were reacted with anti-Af antibody 3D6 (dilution 1:1000) to identify
AP deposits. Areas with AP plaques were analyzed using the MetaMorph software evaluating
multiple sections of the same level in each animal group. To ensure objective assessments
and reliability of the results, brain sections from mice in any given experiment were blind
coded and processed in parallel. Codes were revealed only after the analysis was completed.

Statistical analysis

Statistical analysis was done by the SPSS 15.0 software (Statistical Package for the
Social Sciences). All data were submitted to the Kolmogorov-Smirnov test for normal distribu-
tion and Levene’s test of equal variances for variance homogeneity. In some cases, square root
transformation was employed for correction for heterogeneity of variance. For two-variable
comparisons, a two independent samples 7-test was used. For multiple variable comparisons,
data were analyzed by one-way analysis of variance (ANOVA) followed by pair wise 7-tests.

RESULTS
Rh2 treatment improves the behavior performance of tg2576 transgenic mice

To investigate whether long-term Rh2 treatment improved the ability of learning and
memory, we tested the spatial learning and memory function of Rh2-treated tg2576 mice by
the MWM. The spatial learning ability of mice was indicated by the path length to find the
platform. In this study, tg2576 mice and WT mice were treated with vehicle or Rh2 for 8
weeks separately, and results showed that while Rh2 treatment appeared to have little influ-
ence on WT mice, it significantly decreased the path length of tg2576 mice (P < 0.01, Figure
1a). These data suggested that Rh2 treatment could specifically improve spatial learning abil-
ity of tg2576 mice but not WT mice.
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Figure 1. Rh2 treatment could improve the memory performance of tg2576 mice and reduce Abeta plaques: Rh2
or vehicle treated mice (12-month old) were treated with 10 mg/kg Rh2 or vehicle for 8 weeks. After that spatial
reference memory was tested in Morris water maze task. The performance of rats in the task was recorded as the
path length to find the platform. The path length to the submerged platform across trial days were plotted as line
charts (a), and the swimming speed and existence in target quadrant was shown in b and ¢ separately. After behavior
test, the mice were scarified and brain samples were collected. Abeta plaque number (d), abeta 40 and 42 (e,f) and

APP metabolism species (g) were measured. Values are presented as Mean + SD of four determinations. *P < 0.05,
**P < 0.01 versus corresponding control group.

To test whether the swim speed confounded the effects of Rh2 on the path length
to find the platform, we also measured the swim speed of mice in this study. However, no
significant differences in swim speed were found between the different groups (Figure 1b),
suggesting that the swim speed did not confound the path length as measurement of the spatial
learning ability in this study.

After escape training, the spatial memory of animals was also assessed by a spatial
bias test. The data are reported as the percentage of swimming distance in the target quadrant
in the absence of the submerged platform. In this study, the swimming distance in the target
quadrant of vehicle- and Rh2-treated tg2576 mice were 25.21 + 7.22 and 30.70 £ 5.85%, re-

spectively, while WT mice did not show a great difference (Figure 1c). These data suggested
the beneficial effect of Rh2 on the spatial memory of tg2576 mice.

Rh2 treatment promotes non-amyloid cleavage of APP in the hippocampus of
tg2576 mice

As we already found, Rh2 treatment could specifically improve learning and memory
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of tg2576 mice. We next wondered whether this improvement was related to attenuated Abeta
accumulation. Here, we found by immunohistochemistry staining that Abeta plaques in Rh2-
treated mouse brain were significantly reduced compared to control tg2576 mice (Figure 1d),
while ELISA measurement also found that in mouse hippocampus lysate, the amounts of both
Abeta 40 and 42 were decreased in the Rh2 treatment group (Figure 1e, f). Western blot results
showed that while total amount of APP was barely changed, the o/pf-CTF ratio was increased
in the Rh2 treatment group compared with control tg2576 mice (Figure 1g).

Rh2 changes APP trafficking and processing in tg2576 primary neuron culture

The levels of secreted Ap 1-40 and AP 1-42 in the conditioned medium of tg2576
primary cortex neurons were increased in a time-dependent manner, with a relatively stable
level at DIV (days in vitro) 5 for A 1-42 and DIV 4 for AB1-40 (data not shown), respectively.
The effect of ginsenoside Rh2 on the secreted A 1-40 and AP 1-42 was then examined in
the conditioned medium of primary neurons at DIV 7. As shown in Figure 2, Rh2 treatment
significantly decreased the extracellular levels of AB1-40 and AB1-42 in a time-dependent
manner, particularly at a dose of 2.5 uM for 12 h.
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Figure 2. B-cleavage in Rh2 treated primary neuron were reduced: Primary cortex neuron from mice embryo
were cultured on cover-slip, and abeta level was measured after treatment with different concentration of Rh2 for
different time start at DIV 7 (a,b). Although both a and b secretase activity did not change a lot (c,d) after Rh2
treatment, the ratio of B-and a-CTF was remarkably decreased after Rh2 treatment (e,f). Values are reported as
means = SD of four determinations. *P < 0.05, P < 0.01 versus corresponding control group.
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The activities of the o- and f-cleavage event were executed through a-CTF and B-CTF
levels and o- and B-secretase activity. As shown in Figure 2e, there was a higher protein level
of B-CTF in tg2576 mouse primary neurons, when compared with the Rh2 treatment group. In
contrast, a lower protein level of a-CTF was shown in the non-treatment group. Meanwhile, we
found that the activity of a- and B-secretase did not change (Figure 2c¢, d). These results indicated
that ginsenoside Rh2 may increase the a-cleavage event indirectly without altering its activity.

Since the sub-cellular location of APP would also influence its processing, we next
determined the surface distribution of APP in primary neurons with and without Rh2 treatment
by biotin conjugation. The results in Figure 3a clearly showed that surface APP and soluble
APPa (sAPPa) were increased after Rh2 treatment compared with control group, while total
APP amount was not changed much. This result indicated that Rh2 treatment could change
APP distribution. We further employed vital staining to detect APP endocytosis. The results
in Figure 3b and ¢ showed that compared with control group, surface APP was increased after
Rh2 treatment (green channel) and that endocytosis of APP was decreased (far-red channel,
cy5), while total APP did not change much (red channel). All of these results suggested that
Rh2 treatment could inhibit APP endocytosis, increase APP cell membrane distribution, and
finally decrease Abeta secretion and increase SAPPa secretion.
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Figure 3. Surface APP endocytosis was inhibited after Rh2 tretment: After Rh2 treatment, although total amount of
APP was kept the same, the surface APP and soluble APP were both increased significantly (a,b). The living staining
results showed while surface APP increased, the endocytosis APP was decreased after Rh2 treatments (c,d). Values
are reported as means = SD of four determinations. *P < 0.05, P <0.01 versus corresponding control group.
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Rh2 reduces cholesterol and lipid raft levels in primary neurons while cholesterol
overload can restore Rh2-reduced Abeta level

Since lipid raft is important for APP endocytosis, we wondered whether Rh2 effects
on APP distribution influence cholesterol levels. By measuring the cholesterol levels of prima-
ry neurons with or without Rh2 treatment, we found that Rh2 significantly decreased choles-
terol level in primary neurons (Figure 4a). Afterwards, we also stained primary neurons with
lipid raft marker CTx-B (red channel) and found that the membrane distribution of CTX-B
was significantly reduced after Rh2 treatment, which indicated that Rh2 may lower the Abeta
level by decreasing the amount of lipid rafts (Figure 4b).
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Figure 4. Rh2 effects on reducing Abeta was related to cholesterol and lipid raft: After Rh2 treatments, the
cholesterol content of primary neuron was reduced compare with non-treated cell, while after cholesterol re-loading,
both cholesterol and abeta level was increased again (a,c). CTx-B staining results show after Rh2 treatment, the
lipid raft intensity was reduced (b). Values are reported as means + SD of four determinations. *P < 0.05, P <0.01
versus corresponding control group.
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Finally, we administered high-cholesterol containing serum treated neuron combined
with Rh2 treatment and found that, along with recovery of the cellular cholesterol level, the
amount of Abeta 40/42 was also recovered (Figure 4c). These results strongly indicated that Rh2
treatment could decrease Abeta secretion by decreasing cellular cholesterol and lipid raft levels.

DISCUSSION

In the present study, we established that Rh2 treatment protects against Ap-mediated
abnormalities in tg2576, a well-characterized AD mouse model. Rh2 treatment reversed be-
havior defects in tg2576 mice, and reduced the number of senile plaques in brain slices. First,
we demonstrated a role of Rh-2 in the regulation of APP endocytosis, a potential mechanism
of Rh2-mediated reduction in A accumulation in brain, both in primary neuronal culture and
in tg2576 mice in vivo. Second, we showed that the inhibition of APP endocytosis was medi-
ated by reduced lipid raft level. Third, we found Rh2 treatment could improve learning and
memory function of tg2576 mice. These results provide additional evidence of the protective
effects of Rh2 on AB-induced amyloid pathology and impaired cognitive function, which will
significantly strengthen and support the potential of Rh2 for clinical translation in the future.

The use of ginseng for improving cognitive performance has become increasingly
popular in recent years (Li et al., 2011; Zhang et al., 2012). Particularly, ginsenoside Rh2 was
recently found to protect neurons from hypoxia-induced damage, indicating that Rh2 could
exert a neuron-protective effect through some mechanisms (Shuangyan et al., 2012). The pres-
ent study employed APP-overexpressing tg2576 mice to investigate the effect of Rh2 on A
generation in vivo and found that Rh2 could actually reduce the Abeta level in mouse brain and
primary neurons. As numerous works have found, Abeta generation was involved in a-, - and
y-secretase complex activity. To further determine whether Rh2-induced decrease in Abeta
was involved in this secretase complex, we directly measured those secretase activities and
found that there were no significant changes in any of these secretase activities. Furthermore,
as total APP level did not change considerably, the decrease in Abeta may have been caused
by altered APP distribution.

To confirm this hypothesis, we determined cell surface APP and found that Rh2 treat-
ment significantly increased APP surface distribution, which would further facilitate the acti-
vation of the non-amyloid cleavage pathway. The increased cell membrane distribution may
have been caused by an increased insertion event or reduced endocytosis process. We further
employed vital staining to investigate this question. By briefly staining the N-terminal of APP
and then allowing endocytosis for a little while, we found that after Rh2 treatment, there was an
increase in surface APP level and a dramatic decrease in endocytosed APP. This result strongly
indicated that Rh2 could inhibit APP endocytosis and thus increase membrane APP retention.

Cholesterol levels have been implicated in the pathogenesis of Alzheimer’s disease
(AD) (Sharifov et al., 2011; Reiss and Voloshyna, 2012) with disturbed cholesterol homeosta-
sis, showing neurodegeneration, tau pathology and increased formation of AP (Yamazaki et
al., 2001; Burns et al., 2003; Jin et al., 2004). It was previously reported that APP is endocy-
tosed via the clathrin-dependent pathway (Schneider et al., 2008), while many previous works
also found that lipid rafts could have a function in APP endocytosis and Abeta generation.
Although lipid raft-associated proteins are known to be generally internalized through clath-
rin-independent pathways, recent evidence suggests a link between lipid rafts and clathrin-
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mediated endocytosis. Indeed, cholera and anthrax toxins enter the cells through lipid rafts
by a clathrin-dependent mechanism (Midha and Bhatnagar, 2009; Auriac et al., 2010). In ad-
dition, lipid raft-associated proteins (such as CD317 or the B-cell antigen receptor) can be
internalized in clathrin-coated pits (Stoddart et al., 2002; Rollason et al., 2007). APP has been
proposed to interact directly with cholesterol (Beel et al., 2008), and a recent study found that
the C-terminal of APP contains the cholesterol-binding domain (Barrett et al., 2012), which
further confirmed the notion that lipid raft distribution of APP may accelerate Abeta pathology.

Because Rh2 is structurally similar to cholesterol and can interact with membrane lip-
ids (Yue et al., 2007), it is possible that Rh2 exerts its effect by modulating cholesterol levels
and rafts, thereby altering lipid raft function. The present study found that Rh2 treatment could
reduce the cellular cholesterol level and thus disrupt lipid raft distribution. To further confirm
whether Rh2-induced lipid raft perturbation would inhibit Abeta generation, we carried out
cholesterol reloading experiments. The results showed that after Rh2 treatment, cells supplied
with high-cholesterol containing medium had recovered Abeta generation to almost normal
levels, indicating that Rh2 induced a decrease in Abeta mainly by reducing cholesterol levels.

In summary, our results clearly demonstrated the protective effect of Rh2 treatment
against cerebral A accumulation, neuropathological change, and impaired learning/memory in
a transgenic mouse model for AD. Notably, Rh2 treatment is able to reverse substantially Af-
induced deteriorating effects observed in an aged transgenic mouse model for AD, which ex-
hibits extensive amyloid pathology and cognitive decline. The mechanism through which Rh2
regulates APP processing involves reducing the cellular cholesterol level and thereby inhibiting
the membrane APP endocytosis process. Together with previous studies, our data indicate that
Rh2 may be a potential therapeutic agent for preventing and halting AD progression.
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