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Rgl protects against AP,; ;;-induced insult by enhancing neurite outgrowth through Akt and Erk signaling
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Rg1 enhances neurite outgrowth and protects against AB,s ss-induced
insult through Akt and Erk signaling

Abstract

Ginsenoside Rgl (Rgl) has anti-aging and anti-neurodegenerative effects. However, the mechanisms underlying these actions remain
unclear. The aim of the present study was to determine whether Rgl affects hippocampal survival and neurite outgrowth in vitro after
exposure to amyloid-beta peptide fragment 25-35 (AP,;_;5), and to explore whether the extracellular signal-regulated kinase (ERK) and
Akt signaling pathways are involved in these biological processes. We cultured hippocampal neurons from newborn rats for 24 hours,
then added Rgl to the medium for another 24 hours, with or without pharmacological inhibitors of the mitogen-activated protein kinase
(MAPK) family or Akt signaling pathways for a further 24 hours. We then immunostained the neurons for growth associated protein-43,
and measured neurite length. In a separate experiment, we exposed cultured hippocampal neurons to Ap,;_; for 30 minutes, before adding
Rgl for 48 hours, with or without Akt or MAPK inhibitors, and assessed neuronal survival using Hoechst 33258 staining, and phosphor-
ylation of ERK1/2 and Akt by western blot analysis. Rgl induced neurite outgrowth, and this effect was blocked by API-2 (Akt inhibitor)
and PD98059 (MAPK/ERK kinase inhibitor), but not by SP600125 or SB203580 (inhibitors of c-Jun N-terminal kinase and p38 MAPK,
respectively). Consistent with this effect, Rgl upregulated the phosphorylation of Akt and ERK1/2; these effects were reversed by API-2 and
PD98059, respectively. In addition, Rgl significantly reversed AP, ;s-induced apoptosis; this effect was blocked by API-2 and PD98059,
but not by SP600125 or SB203580. Finally, Rgl significantly reversed the Ap,; ;;-induced decrease in Akt and ERK1/2 phosphorylation, but
API-2 prevented this reversal. Our results indicate that Rgl enhances neurite outgrowth and protects against Ap,s_;;-induced damage, and
that its mechanism may involve the activation of Akt and ERK1/2 signaling.

Key Words: nerve regeneration; ginsenoside Rgl; neurite outgrowth; AB,;_ ;5 hippocampal neurons;Akt; MAPK; apoptosis; growth associated
protein-43; Hoechst 33258 staining; PD98059; API-2; neural regeneration
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Introduction

The prevalence of neurodegenerative diseases such as Alz-
heimer’s disease (AD) is increasing, owing to an aging world
population. However, despite considerable research efforts,
the pathogenic mechanisms of AD remain poorly under-
stood, and the effectiveness of currently available clinical
treatments is limited. Ginsenoside Rgl (Rgl), the major
pharmacologically active ingredient of ginseng, crosses the
blood-brain barrier and has anti-aging and anti-neurodegen-
erative effects (Cheng et al., 2005). Amyloid beta (AB), a 39—
43 amino acid B-sheet peptide, is a key constituent of amyloid
plaques and contributes to cognitive, neuronal and synaptic
malfunctioning in AD. Notably, Rg1 reduces the level of AP in
the brains of aged and transgenic AD mice, as well as in PC12
cells in vitro (Chen et al., 2006; Wang and Du, 2009; Shi et al.,
2010). These studies indicate that Rgl modulates the genera-
tion of AP, which may contribute to its enhancement of cog-
nitive performance in vivo. AP,s ;5 is a short AP fragment with
large B-sheet fibrils, which possesses the same neurotoxicity
as the full-length peptide (Iverson et al., 1995). It was recently
reported that Rgl prevents Ap,s_;;-induced apoptosis in cul-
tured hippocampal neurons by upregulating the ratio of the
apoptotic regulators Bcl-2/Bax (Gong et al., 2011). However,
its mechanism of action needs further exploration.

Neurite growth is an important process in neuronal de-
velopment, synapse formation, and regeneration. There is
great clinical interest in neurite growth, and the process can
be used to assess neurotrophic properties of pharmaceu-
ticals (Mitchell et al., 2007). It has been reported that Rgl
promotes neurite outgrowth in PC12 cells (Rudakewich
et al., 2001). In contrast, Radad et al (2004a) showed that
Rgl did not promote neurite outgrowth in mesencephalic
dopaminergic cells. Furthermore, the same group reported
that Rgl reversed the reduction in neurite length and num-
ber induced by glutamate or 1-methyl-4-phenylpyridinium
(MPP") (Radad et al., 2004a, b). Neurite outgrowth provides
the morphological basis for synaptogenesis, the foundation
of learning and memory. Whether Rgl has the ability to
affect neurite growth in neurons in the hippocampus, the
learning and memory center of the brain, has not yet been
investigated. Previous studies have shown that Rgl increases
the number of synapses and the density of synaptophysin,
which provides the morphological basis for Rgl-induced fa-
cilitation of learning and memory (Mook-Jung et al., 2001).

Mitogen-activated protein kinases (MAPK) and phospha-
tidylinositol 3-kinase (PI3K)/Akt signaling are involved in
many physiological and pathological processes. The MAPK
family includes extracellular signal-regulated kinase 1/2
(ERK1/2), c-Jun N-terminal kinase (JNK), and p38 MAPK
(Roux et al., 2004), and is phosphorylated by MAPK/ERK
kinase (MEK). The Akt signaling pathway is well-known for
its role in cell survival and anti-apoptosis (Kennedy et al.,
1999; Brunet et al., 2001). ERK/MAPK signaling has been
implicated in hippocampal synaptic plasticity and hippo-
campus-dependent memory formation (Sweatt et al., 2004).
Conversely, JNK and p38 MAPK are activated by a variety of
stress signals and are implicated in the induction of apoptot-
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ic cell death (Mielke et al., 2000).

Here, we investigated the effect of Rgl on neurite out-
growth and survival of hippocampal neurons after exposure
to AP,s_s5 in vitro, and explored Akt and MAPK signaling in
these biological processes.

Materials and Methods
Chemicals and reagents
Rgl (purity 98%, lot No. 110703-200424) was obtained from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Neurobasal Medium,
B27 supplements and GlutaMAX were from Gibco BRL
(Gaithersburg, MD, USA). Bovine serum albumin (BSA),
HEPES, poly-L-lysine solution, DNase I, soybean trypsin
inhibitor, and bovine trypsin were all from Sigma-Aldrich
(St. Louis, MO, USA). Mouse anti-rat growth associated pro-
tein-43 (GAP-43) was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Peroxidase-conjugated rabbit an-
ti-mouse IgG was from Beyotime Institute of Biotechnology
(Haimen, China). Rabbit anti-rat ERK1/2 and rabbit anti-rat
phospho-ERK1/2 (Thr202/Tyr204), rat anti-human Akt
(Serd73), rat anti-human phospho-Akt (Ser473), and horse-
radish peroxidase-conjugated goat anti-rabbit or anti-rat
IgG were purchased from Cell Signaling Technology (Beverly,
MA, USA). API-2, PD98059, SP600125 and SB203580 were
purchased from Tocris Cookson, Inc. (Ballwin, MO, USA).
BCA protein assay and enhanced chemiluminescence (ECL)
kits were from Beyotime. Synthetic Ap,;_;; and insulin-like
growth factor-1 (IGF-1) were obtained from AnaSpec (Fre-
mont, CA, USA) and ProSpec (Rehovot, Israel), respectively.
Rgl was dissolved in 0.9% NaCl to 2 mM and stored as
a stock solution at —80°C. PD98059, API-2, SP600125 and
SB203580 were dissolved in dimethyl sulfoxide to 25 mM
and stored at —80°C. IGF-1 was dissolved in sterile ionized
water to 100 pg/mlL, or as a 3 mM stock solution, and stored
at —20°C. AP,;_;; was dissolved in distilled water to make a 2
mM stock solution; aliquots were stored at —20°C for more
than 24 hours and thawed at 37°C for 3 days to induce ag-
gregation prior to use.

Animals

Ninety newborn Sprague-Dawley rats, 45 females and 45
males, aged less than 24 hours and weighing approximately 2
g, were purchased from the Shanghai Institute of the Chinese
Academy of Sciences (license No. SCXK (Hu) 2007-0003).
All animal procedures were performed under a protocol re-
viewed and approved by the Institutional Ethical Committee
of Tongji University School of Medicine, China.

Primary culture of hippocampal neurons

Primary cultured hippocampal neurons were prepared from
the rat neonates as described previously (Banker et al., 1977).
Briefly, the hippocampi were dissected out and trypsinized
(0.25% bovine trypsin) for 9-10 minutes at 37°C. The cells
were plated in Neurobasal™ Medium with 2% B27 supple-
ment, 10 pL/mL penicillin-streptomycin, 1% GlutaMAX,
0.4% BSA and 20 mM HEPES at 37°C in a humidified 5%
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Figure 1 Ginsenoside Rgl (Rgl) promoted neurite outgrowth of cultured hippocampal neurons via ERK1/2 and PI3K/Akt signaling.

(A) Hippocampal neurons were observed by immunostaining for growth associated protein-43 after treatment with 50 uM Rgl in the presence or
absence of 10 uM API-2 (Akt inhibitor) or 10 pM PD98059 (MEK inhibitor) for 24 hours. (B—-D) Neurite length was measured in primary cultures
after treatment with Rgl in the presence or absence of PD98059 or API-2 (B), or various concentrations of SB203580 (p38MAPK inhibitor; C) or
SP600125 (JNK inhibitor; D) for 24 hours. Data are the mean + SEM of five individual experiments. *P < 0.05, **P < 0.01, vs. control group (un-
treated cells); #P < 0.05, ##P < 0.01, vs. Rgl (one-way analysis of variance followed by Newman-Keuls post hoc test). Scale bar in A: 200 pm.
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Figure 2 Rgl increased phosphorylation of Akt and ERK in cultured hippocampal neurons.

Primary hippocampal neurons were cultured for 24 hours and then treated with 50 uM Rgl in the presence or absence of 10 pM API-2 (Akt inhib-
itor) or 10 uM PD98059 (MEK inhibitor) for 24 hours. (A, B) Western blot analysis of total (t-Akt) and phosphorylated Akt (p-Akt; A) and total
(t-ERK) and phosphorylated ERK (p-ERK; B). (C, D) Phosphorylation levels of Akt (C) and ERK (D). Data are the mean £ SEM of three indi-
vidual experiments. *P < 0.05, **P < 0.01, vs. control group; #P < 0.05, ##P < 0.01, vs. Rgl alone (one-way analysis of variance followed by New-

man-Keuls post hoc test).

CO, incubator. Neurons were characterized using phase
contrast microscopy (Nikon Corporation, Tokyo, Japan) and
immunocytochemistry for GAP-43. Neuronal cultures were
over 90% pure.

Neurite outgrowth of hippocampal neurons in vitro

Primary hippocampal neurons were plated at a density of 1
x 10*/cm’®, onto coverslips pre-coated with 10 mg/mL po-
ly-L-lysine, in 24-well plates for 24 hours for GAP-43 immu-
nostaining. The medium was then refreshed and 50 uM Rgl

was added, with or without the following drugs: 10 uM API-
2; 10 pM PD98059; 5, 10 or 15 uM SP600125; 5, 10 or 15 uM
SB203580. After a 24 hour incubation, the cells were fixed in 4%
paraformaldehyde for 30 minutes at room temperature, and
incubated with blocking solution (5% BSA) for 30 minutes
at 37°C in a moisture chamber to block nonspecific binding.
The cells were then incubated overnight at 4°C with mouse
anti-rat GAP-43 antibody (dilution 1:1,000), followed by per-
oxidase-conjugated rabbit anti-mouse IgG (dilution 1:100)
at 37°C for 2 hours. Finally, the cells were incubated with
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Figure 3 Rgl post-treatment protected against AP, ;;-induced neurotoxicity via ERK1/2 and Akt signaling in hippocampal neurons.

Primary hippocampal neurons were cultured for 24 hours, exposed to Ap,; 55 for 30 minutes, and Rgl with or without API-2 (10 uM, Akt inhibitor)
or PD98059 (10 uM, MEK inhibitor), SP600125 (5, 10 or 15 pM, p38 MAPK inhibitor), or SB203580 (5, 10 or 15 uM, JNK inhibitor) was added for
another 48 hours. Insulin-like growth factor-1 (IGF-1) was added to the culture as a positive control. Normal controls were not exposed to AP,s_ss.
(A) Hoechst 33258 staining: apoptotic (arrows) and viable (arrowheads) cells. (B-D) Apoptosis of hippocampal neurons in Rgl with API-2 or
PD98059 (B), SP600125 (C) or SB203580 (D). Data are the mean + SEM of five individual experiments. *P < 0.05, **P < 0.01, vs. AP,5_;5; ##P < 0.01,
vs. AB,s55 + Rgl (one-way analysis of variance followed by Newman-Keuls post hoc test). Scale bar in A: 200 pm.

Figure 4 Rgl post-treatment
reversed Ap,;_;;-induced reduction

of ERK1/2 and Akt
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avidin-biotin complex (dilution 1:100) at 37°C for 1.5 hours.
Diaminobenzidine (Sigma, St. Louis, MO, USA) was used as a
chromogen for light microscopy. A negative control was car-
ried out using the same procedures without primary antibody.

An investigator blinded to the cell treatment analyzed neu-
rite outgrowth in cell cultures by counting the number of
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##P < 0.01, vs. Rgl + AP,;_5; (one-
way analysis of variance followed
by Newman-Keuls post hoc test).

neuronal cell bodies (1 = 100 per well) and measuring neu-
rite length. Digitized images of cells were taken at 20X mag-
nification using a digital camera connected to a microscope
(Nikon, NY, USA). The ratio between neurite length and
number of cell bodies was used to calculate the average neu-
rite length, using Image Tool software (Pro Plus V 6.0) (Media
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Cybernetics, Inc, Silver Spring, MD, USA). The experiment
was replicated five times.

For western blot analysis, cells were seeded at a density of
2 X 10°/cm” in 60 mm diameter flasks pre-coated with 10
mg/mL poly-L-lysine. After 24 hours in culture, the cell pel-
lets were collected for western blot analysis. This experiment
was performed in triplicate.

Hippocampal neurons exposed to AB,; ,;in vitro
After 24 hours in culture, the cells were divided into groups:
(1) Normal control group: cells cultured for a further 48 hours
with no treatment; (2) AP group: cells exposed to 20 pM AP, 55
for 48 hours; (3) AP + treatment group: cells exposed to 20 uM
AP,s_s5 for 48 hours, with the following reagents and inhibitors
added after 30 minutes: IGF-1 (50 ng/mL; positive control);
Rgl (50 pM); or Rgl (50 puM) with either PD98059 (10 pM),
API-2 (10 pM), SB203580 (5, 10 or 15 pM) or SP600125 (5, 10
or 15 puM). The inhibitors were added immediately after Rgl
treatment. All cells were cultured for 48 hours.

For western blot analysis, cells were plated at a density of
2 X 10°/cm’ in 60 mm diameter flasks. After 24 hours, the
cells were exposed to AP,s_ss, Rgl, and inhibitors as described
above. After 48 hours, cell precipitations were collected for
western blot analysis. The experiment was performed in
triplicate.

Hoechst 33258 staining

After 48 hours in culture, the cells were fixed in 4% para-
formaldehyde for 30 minutes at room temperature, and
Hoechst 33258 was added to the medium for 15 minutes at
37°C. Images were obtained using an inverted fluorescence
microscope (Nikon). Viable cells were identified by round
nuclei with pale blue fluorescence, and apoptotic cells were
characterized by condensation and fragmentation of nuclei.
A researcher blinded to the cell treatment counted apoptotic
and viable cells (n = 200 per well) and calculated the per-
centage of apoptotic cells (number of apoptotic neurons/
[number of surviving + apoptotic neurons]). The experi-
ment was replicated five times.

Western blot analysis

The cells were washed in ice-cold phosphate buffered saline
and lysed in radioimmunoprecipitation assay buffer for
30 minutes at 4°C. Cell lysates were centrifuged at 18,514
x g (reactive centrifugal force) for 30 minutes at 4°C, and
protein concentration was determined using a BCA pro-
tein assay kit. Total protein (40 pg) was dissolved in sample
buffer and boiled for 5 minutes prior to loading onto poly-
acrylamide gels. The concentrations of the separation and
stacking gels were 12% and 5%, respectively. Proteins were
then transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 5% non-fat dry milk in
Tris-buffered saline containing 0.05% Tween-20, and then
incubated with primary antibodies against phospho-ERK1/2
(Thr202/Tyr204), ERK1/2, phospho-Akt (Ser473) and Akt (all
1:1,000 dilution) overnight at 4°C. Finally, the membranes
were incubated with horseradish peroxidase-conjugated goat
anti-rabbit or anti-rat IgG (dilution 1:3,000) for 1 hour at

room temperature and visualized using an ECL kit. Proteins
were quantified by densitometric analysis of the bands.

Statistical analysis

Data are expressed as the mean = SEM and were analyzed
using SPSS 18.0 software (SPSS, Chicago, IL, USA). One-way
analysis of variance followed by Newman-Keuls post hoc tests
was carried out to assess the differences between the relevant
control and each experimental condition. Statistical signifi-
cance was set at P < 0.05.

Results

Rgl promoted neurite outgrowth of cultured hippocampal
neurons, and was inhibited by PD98059 and API-2 but not
SP600125 or SB203580

We assessed the neurotrophic effects of Rgl on hippocam-
pal neurons in vitro by measuring neurite outgrowth. Intact
cell bodies and moderate neurite outgrowth were observed
in control cells (Figure 1A). Cells incubated with Rgl for
24 hours showed larger cell bodies with more numerous
and longer neurites. Cells treated with Rgl had significantly
greater neurite outgrowth than control cells (Figure 1B).

To further explore the intracellular signaling mechanisms
underlying Rgl-promoted neurite outgrowth, MAPK and
Akt signaling pathway inhibitors were applied. Incubation
with Rgl plus the MEK inhibitor PD98059 (10 pM) result-
ed in malnourished cells with small cell bodies and rough
membrane surfaces compared with Rgl alone (Figure 1A;
Rgl + PD98059). Rgl with the Akt inhibitor API-2 (10 uM)
resulted in fewer viable cells, with shorter and fewer neurites,
than Rgl alone (Figure 1A; Rgl+API-2). In contrast, addi-
tion of different concentrations of SP600125 (p38 MAPK
inhibitor) or SB203580 (JNK inhibitor) to Rgl-treated cells
did not affect the survival or morphology of the cells com-
pared with Rgl alone. Rgl-induced neurite outgrowth was
significantly reversed by PD98059 and API-2, but was not af-
fected by SP600125 or SB203580. These results indicate that
the ERK1/2 and Akt signaling pathways, but not the JNK or
p38 MAPK pathways, are involved in Rgl-mediated neuro-
trophic effects in cultured hippocampal neurons.

Rgl activated ERK1/2 and Akt phosphorylation in cultured
hippocampal neurons

Phosphorylation levels of ERK1/2 and Akt were determined
by western blot analysis to further investigate the role of
ERK1/2 and Akt signaling in Rgl-mediated neurotrophic
effects. Cells treated with Rgl for 24 hours showed signifi-
cantly greater phosphorylation of Akt (Figure 2A, C) and
ERK1/2 (Figure 2B, D) than untreated cells. These effects
were blocked by PD98059 and API-2. Together with the ef-
fects of PD98059 and API-2 described above (Figure 1A-D),
these results strongly indicate that ERK1/2 and Akt signaling
is involved in Rgl-induced hippocampal neurite outgrowth.

Rgl protected against Af,;_;;-induced neurotoxicity, and
was inhibited by PD98059 and API-2, but not SP600125 or
$B203580

After 24 hours in culture, cells were exposed to AB,; ;s
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followed by Rgl in the presence or absence of Akt, ERK, JNK
and p38 MAPK inhibitors for a further 48 hours. In untreat-
ed control cells, long and numerous neurites were observed
under an inverted phase contrast microscope. Conversely,
cells exposed to AP,s_ss for 48 hours were fewer in number
and showed fragmented and floating cell debris. Hoechst
33258 staining was used to classify viable and apoptotic cells.
Viable cells were identified by regular, round nuclei with
pale blue fluorescence, and apoptotic cells were condensed
and fragmented (Figure 3A). AP, ;;-exposed cells showed a
significantly greater degree of apoptosis than untreated cells.
The positive control, IGF-1, significantly reduced AP,;_s5-
induced apoptosis (Figure 3B), as did post-treatment with
Rgl, and this effect was blocked by co-incubation with API-
2 and with PD98059 (Figure 3B). In contrast, SP600125
and SB203580 did not significantly alter the anti-apoptotic
effect of Rgl (Figure 3C, D). These results indicate that Rgl
treatment after AP,; ;; exposure prevents apoptosis in hip-
pocampal neurons, and the underlying mechanisms may
involve the Akt and ERK1/2 pathways, but not JNK or p38
MAPK.

Rgl1 treatment reversed Ap,;_;;-induced reduction of
ERK1/2 and Akt phosphorylation

To further investigate the possibility that the Akt and ERK1/2
signaling pathways are involved in the neuroprotective ef-
fects of Rgl in hippocampal neurons after AP,; ;5 exposure,
phosphorylation levels of Akt and ERK1/2 were measured
by western blot analysis (Figure 4). ApB,s_;s exposure for 48
hours significantly inhibited phosphorylation of Akt and
ERK1/2 compared with that observed in untreated control
cells. IGF-1 significantly reversed AP, ;;-induced reduction
of Akt and ERK1/2 phosphorylation to levels observed in
untreated cells, and cells treated with Rg1 also showed great-
er levels of Akt and ERK1/2 phosphorylation after AB,; ;; ex-
posure than cells exposed to AP,;_;; alone. In contrast, API-
2 blocked Rgl-induced Akt and ERK1/2 phosphorylation.
These results strongly suggest that AB,; ;s exposure inhibits
phosphorylation of Akt and ERK1/2 in hippocampal neu-
rons, resulting in neurotoxicity, and the protective effects
of Rgl against this neurotoxicity may be mediated by the
ERK1/2 and Akt signaling pathways.

Discussion

In the present study, we have demonstrated that Rgl promotes
neurite outgrowth in cultured hippocampal neurons and pro-
tects against AP, ;s-induced damage, and that these effects are
mediated by the Akt and ERK1/2 signaling pathways.

Neurite growth is an important event in neuronal devel-
opment, synapse formation, and neural regeneration. The
promotion of neurite outgrowth by Rgl suggests that this
molecule possesses neurotrophic and anti-aging properties
(Rausch et al., 2006). However, contrary to our results, Ra-
dad et al (2004a) reported that Rgl did not promote neu-
rite outgrowth in mesencephalic dopaminergic cells. This
discrepancy may result from the different types of neurons
studied. Since it has been demonstrated that Rgl may facili-
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tate learning and memory, ginseng shows potential as a pre-
ventative therapy for aging-related diseases.

When we exposed cells to API-2 with Rgl, a large amount
of degeneration was observed, and the cells remaining were
smaller and had shorter neurites than those incubated with
Rgl alone. However, compared with another active ingre-
dient of ginseng, Rb1, which, when combined with API-2,
resulted in a large number of fragmented cells, Rgl may pro-
vide a greater level of resistance against Akt signaling inhibi-
tion. These results are in agreement with the widely accepted
view that Akt signaling is related to neuronal survival (Ken-
nedy et al., 1999; Brunet et al., 2001). In contrast, PD98059
blocked Rgl-induced neurite outgrowth, but did not signifi-
cantly affect the number of cells in the medium compared
to Rgl alone. Interestingly, neither SP600125 nor SB203580
affected neurite outgrowth. These results suggest that sig-
naling by ERK1/2, but not p38 MAPK or JNK, is involved in
Rgl-induced neurite outgrowth. In addition, western blot
analysis further demonstrated that Rgl treatment upregu-
lated phosphorylation of ERK1/2 and Akt compared to that
in normal untreated cells, and these effects were reversed by
PD98059 and API-2. Taken together, these results confirm
that Akt and ERK1/2 signaling may be involved in Rgl-in-
duced neurite outgrowth in cultured hippocampal neurons.
However, how Rgl affects Akt and ERK1/2 signaling is un-
certain. Rgl is a functional ligand of the glucocorticoid re-
ceptor, and exerts steroid hormone-like activity (Lee et al.,
1997). Leung et al. (2007) reported that the neuroprotective
effects of Rgl on primary nigral neurons against rotenone
toxicity could be abolished by RU486, an antagonist at
both the glucocorticoid (GR) and progesterone receptors,
and suggested that Rgl exerted neuroprotective effects
via a GR-dependent mechanism. Recently, Rgl has been
reported to promote non-amyloidogenic cleavage of APP
via estrogen receptor signaling and to ameliorate A,; 55-
induced cortical neuronal apoptosis at least in part by two
complementary estrogen receptor a- and GR-dependent
downstream pathways (Shi et al., 2012; Wu et al., 2012).
Further investigations are necessary to determine whether
Rgl crosses the cellular membrane and binds to cytoplas-
mic molecules, or acts on membrane receptors that trigger
a signaling cascade.

Previous reports have shown that Rgl pretreatment im-
proves the viability of cells injured by AP, reduces the lev-
els of intracellular AB,_,, and attenuates the activation of
caspase-3 and apoptosis in vitro (Ji et al., 2006; Wei et al.,
2008; Choi et al., 2010). Those studies focused mainly on
Rgl pretreatment and used cortical neurons, suggesting its
potential role for preventing AD. However, post-treatment
is more clinically relevant, and the hippocampus is a key
structure for learning and memory. It is also the site where
senile plaques are formed in AD. Here, we have demon-
strated that AP,;_;; exposure for 48 hours induces apoptosis
of hippocampal neurons, and that Rgl post-treatment for
48 hours significantly reverses this. In vivo studies have also
confirmed that administration of ginsenosides including
Rgl can reduce cerebral AP generation in transgenic AD
mice (Chen et al., 2006) as well as aging mice (Shi et al.,
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2010). Taken together, these data highlight the potential
of Rgl as a new therapeutic drug for AD. Our results show
that the neuroprotective effect of Rgl against Af,;_;; insult
is blocked by API-2 and PD98058, but not by SP600125
or SB203580, suggesting that signaling involving ERK1/2
and Akt, but not JNK or p38 MAPK, may be involved in
the action of Rgl. It was also previously demonstrated that
no significant change in p38 or JNK phosphorylation was
observed after AP,;_;; exposure (Wu et al., 2012). These
results imply that the Akt and ERK1/2 signaling pathways
are involved in the neuroprotective effect of Rgl against
damage induced by A,; ;;. Additionally, western blot anal-
ysis of ERK1/2 and Akt phosphorylation showed that Rgl
post-treatment reversed the AP,;_;;-induced inactivation
of ERK1/2, supporting previous studies. Wu et al. (2012)
found that U0126, another specific inhibitor of MEK, in-
hibited Rgl-induced Erk phosphorylation. In addition, we
confirmed that Rgl post-treatment also reversed inactiva-
tion of Akt induced by AP,;_;;, and that API-2 counteracted
this effect. Together, these results provide evidence that the
mechanisms underlying the neuroprotective effect of Rgl
against AP,;_;; insult involve Akt and ERK signaling.

In conclusion, the results from the present study demon-
strate that Rgl induces neurite outgrowth in cultured hippo-
campal neurons through Akt and ERK signaling. Moreover,
Rgl post-treatment prevents AP, ;s-induced apoptosis
via Akt and ERK signaling. Rgl activation of Akt and ERK
signaling needs to be explored further. These observations
suggest that ginsenoside has potential as a treatment for pro-
gressive neurodegenerative diseases such as AD.
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