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Ginsenoside Rgl promotes f3-amyloid peptide degradation
through inhibition of the ERK/PPARY phosphorylation
pathway in an Alzheimer's disease neuronal model
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Abstract. 3-Amyloid peptide (AP) deposition in the brain
is an important pathological change in Alzheimer's disease
(AD). Insulin-degrading enzyme (IDE), which is regulated
transcriptionally by peroxisome proliferator-activated
receptor vy (PPARY), is able to proteolyze Af. One of the
members of the MAPK family, ERK, is able to mediate the
phosphorylation of PPARY at Serl12, thereby inhibiting its
transcriptional activity. Ginsenoside Rgl is one of the active
ingredients in the natural medicine ginseng and has inhibitory
effects on AP production. The present study was designed
to investigate whether ginsenoside Rgl is able to affect the
regulation of PPARy based on the expression of its target
gene, IDE, and whether it is able to promote AP degradation
via inhibition of the ERK/PPARY phosphorylation pathway.
In the present study, primary cultured rat hippocampal
neurons were treated with A, ,,, ginsenoside Rgl and the
ERK inhibitor PD98059, and subsequently TUNEL staining
was used to detect the level of neuronal apoptosis. ELISA
was subsequently employed to detect the intra- and extracel-
lular AR, 4, levels, immunofluorescence staining and western
blotting were used to detect the translocation of ERK from
the cytoplasm to the nucleus, immunofluorescence double
staining was used to detect the co-expression of ERK and
PPARY, and finally, western blotting was used to detect the
phosphorylation of PPARy at Serl112 and IDE expression.
The results demonstrated that ginsenoside Rgl or PD98059
were able to inhibit primary cultured hippocampal neuron
apoptosis induced by AP, 4, treatment, reduce the levels of
intra- and extraneuronal Af,_,, and inhibit the translocation
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of ERK from the cytoplasm to the nucleus. Furthermore,
administration of ginsenoside Rgl or PD98059 resulted in
attenuated co-expression of ERK and PPARY, inhibition of
phosphorylation of PPARYy at Serl12 mediated by ERK and
an increase in IDE expression. In addition, the effects when
PD98059 to inhibit ERK followed by treatment with ginsen-
oside Rgl were found to be more pronounced than those
when using PD98059 alone. In conclusion, ginsenoside Rgl
was demonstrated to exert neuroprotective effects on AD
via inhibition of the ERK/PPARY phosphorylation pathway,
which led to an increase in IDE expression, the promotion
of AP degradation and the decrease of neuronal apoptosis.
These results could provide a theoretical basis for the clinical
application of ginsenoside Rgl in AD.

Introduction

p-Amyloid peptide (AP) deposition in the brain is one of
the most important pathological changes that occur in
Alzheimer's disease (AD) (1). Previous studies have suggested
that Ap is able to cause the phosphorylation of the tubulin
associated unit protein, which leads to the formation of neuro-
fibrillary tangles (2), in addition to exerting a role in synaptic
dysfunction (3), neuron loss (4), microglia activation and neuro-
inflammation (5), calcium deregulation (6), oxidative stress (7),
mitochondrial dysfunction (8), and cholinergic dysfunction (9),
all of which ultimately affect cognitive function and lead to
the development of AD. Insulin-degrading enzyme (IDE) is a
target gene of a nuclear transcription factor called peroxisome
proliferator-activated receptor (PPAR) v (10). IDE is able to
effectively proteolyze AP in the brain (11). At present, targeted
IDE therapy has become one of the hotspots of research for
AD treatment (12).

Ginseng is the dried root of Panax ginseng, which has
been used as a natural medicine for thousands of years
in Asia, especially in China, due its effects of reinforcing
vitality, increasing bodily resistance and enhancing cogni-
tive ability (13,14). Ginsenoside Rgl is one of the active
ingredients of ginseng, and it has been demonstrated to exert
numerous neuroprotective effects on AD (15), including
alleviating oxidative stress damage (16), improving the
bioenergetics and morphology of mitochondria (17), and


https://www.spandidos-publications.com/10.3892/etm.2023.12319

2 QUAN et al: GINSENOSIDE Rgl PROMOTES [-AMYLOID PEPTIDE DEGRADATION

altering the gut microbiota (18). A recent study (19) indi-
cated that ginsenoside Rgl exerts a scavenging effect on
AP, which is able to inhibit the phosphorylation of PPARy
at Ser273 through inhibition of the cyclin-dependent kinase
5 expression pathway, subsequently reducing Af production
and exerting neuroprotective effects on AD by affecting the
expression levels of IDE and B-amyloid cleavage enzyme 1
(BACEI), which are targeted by PPARy. The MAPK family
comprises a series of serine-threonine protein kinases that
form a common signaling pathway through which extracel-
lular signals elicit nuclear responses such as gene expression,
cell proliferation and apoptosis (20,21). Upon activation by
extracellular stimulation, MAPK is translocated from the
cytoplasm to the nucleus, thereby causing the phosphorylation
of nuclear transcription factors, and subsequently regulates
the transcriptional levels of the corresponding genes (22). It
has been demonstrated that ERK, a member of the MAPK
family, is able to mediate the phosphorylation of the A/B
structural domain of PPARYy at Serl12, thereby inhibiting its
transcriptional activity (23).

The present study aimed to investigate whether ginsen-
oside Rgl could affect the regulation of PPARY based on
the expression of its target gene, IDE, and whether it could
promote AP degradation via inhibition of the ERK/PPARYy
phosphorylation pathway.

Materials and methods

Reagents. Ginsenoside Rgl was purchased from Baoji
Chenguang Biotechnology Co., Ltd.; it has the molecular
formula C,,H;,0,,, a molecular weight of 801.01 and
high-performance liquid chromatography was performed
by Baoji Chenguang Biotechnology Co., Ltd. to determine
that the purity was ~98%. Dulbecco's modified Eagle's
medium, neurobasal medium and B27 were purchased from
Gibco; Thermo Fisher Scientific, Inc., fetal bovine serum
was purchased from Biological Industries, glutamine and
cytarabine were purchased from Aladdin, goat serum was
purchased from Beijing Solarbio, Ap,_,, was purchased from
MilliporeSigma and PD98059 was purchased from Abcam.
Streptomycin, penicillin and rabbit anti-rat phosphorylated
(p-)PPARy-Serl12 (cat. no. LM-3737R) polyclonal antibody
were obtained from LMAI Bio Co., Ltd. Mouse anti-rat
ERK monoclonal antibody (cat. no. bsm-33232M), and rabbit
anti-rat ERK (cat. no. bs-0022R), IDE (cat. no. bs-0018R),
PPARY (cat. no. bs-4590R), Histone H3 (cat. no. bs-17422R),
GAPDH (cat. no. bs-41373R) and B-actin (cat. no. bs-0061R)
polyclonal antibodies were purchased from BIOSS.
Horseradish peroxidase-labeled goat anti-rabbit secondary
antibody (cat. no. WLAO023), and the TUNEL assay, BCA
protein concentration assay (cat. no. WLAOO04), whole cell
lysis assay (cat. no. WLAO19) and nuclear and cytoplasmic
protein extraction (cat. no. WLAO020) kits, and ECL lumines-
cent solution were purchased from Wanleibio Co., Ltd. AP, 4,
ELISA kit (cat. no. CEA946Ra) was purchased from Wuhan
USCN Business Co., Ltd. Trypsin, RIPA, DAPI, Cy3-labeled
goat anti-rabbit IgG (cat. no. A0516; for red fluorescence)
and FITC-labeled goat anti-mouse IgG (cat. no. A0568; for
green fluorescence) were obtained from Beyotime Institute
of Biotechnology.

Rat hippocampal neuron isolation and culture. A total of
130 2-day-old Sprague-Dawley rats (weight range, 8-10 g;
males, 65; females, 65) were purchased from the Experimental
Animal Center of Xi'an Jiaotong University Health Science
Center [License no. SCXK (Shaan) 2018-001]. These animals
were kept in a specific pathogen-free facility with a 12/12-h
light/dark cycle at a temperature of 25°C and a humidity of
50-65% and were allowed free access to breastmilk from their
mothers before the study began. After being obtained, these
animals were temporarily housed in a cage covered with soft
bedding at a temperature of 25°C, and then moved to a special-
ized room where euthanasia via decapitation was performed.
Before euthanasia, the health and behavior of these animals,
including their mental and breathing state, and activity,
and whether these animals exhibited anxiety, restlessness
and squeaking, were monitored every 15 min. To minimize
suffering and distress, the animals were rapidly decapitated
using a clean, sharp and regularly maintained guillotine
device (cat. no. ZK-ZSQ-SD; ChiCo JX Co., Ltd.) by a skilled
operator, and then, the brain tissue was removed under aseptic
conditions. Subsequently, the hippocampal tissue was isolated,
digested with trypsin and centrifuged (310 x g; 7 min; 25°C) to
obtain the neurons. The neurons were inoculated into six-well
culture plates at a density of 5x10° cells/ml and incubated
with Dulbecco's modified Eagle's medium containing 10%
fetal bovine serum at 37°C in an atmosphere of 5% CO, and
saturated humidity for 8 h. Then, Dulbecco's modified Eagle's
medium was changed to neurobasal medium containing
glutamine (0.5 mmol/l), B27 (2%), streptomycin (100 U/ml)
and penicillin (100 U/ml) at 37°C for 48 h. Subsequently,
cytarabine (10 M) was added to inhibit glial cell growth.
The solution was changed every 3 days. The rat hippocampal
neurons, which were observed to be maturing and forming
networks after ~15 days of incubation at 37°C, were ready for
subsequent experiments.

Drug administration. Drug administration was performed at
25°C and repeated 6 times. The cultured neurons were divided
into a blank control group, a model group and a ginsenoside Rgl
treatment group. The neurons of the model group were treated
with Ap,_,, (final concentration, 8 uM) (24) for 24 h, whereas
the neurons of the ginsenoside Rgl group was pretreated with
ginsenoside Rgl (final concentration, 60 M) (25) for 1 h and
subsequently co-treated with A, ,, (final concentration, 8 uM)
for 24 h; by contrast, no drugs were administered to the neurons
of the blank control group. To further confirm that ginsen-
oside Rgl exerts anti-Af effects through acting on ERK to
regulate PPARY phosphorylation, the ERK inhibitor PD98059
was used to inhibit ERK, and the effects of ginsenoside Rgl
on AP, ,-treated neurons were observed. The neurons were
divided into three groups as follows: i) Model group, cultured
neurons were treated with Af, 4, (final concentration, 8 xM) for
24 h; ii) PD98059 group, the cultured neurons were pretreated
with PD98059 (final concentration, 20 yM) (26) for 1 h, and
subsequently co-treated with AP, 4, (final concentration, 8 uM)
for 24 h; and iii) ginsenoside Rgl + PD98059 group, the cultured
neurons were treated with PD98059 (final concentration, 20 ;1 M)
for 0.5 h, subsequently ginsenoside Rgl (final concentration,
60 uM) was added for pretreatment for 1 h, and finally, AB, 4,
(final concentration, 8 uM) was added for co-treatment for 24 h.
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TUNEL staining. After cultured cells were placed on the
poly-L-lysine-coated slides (cell density, 70-80%), they were
dried at 25°C. Subsequently, cells were immersed in 4% para-
formaldehyde solution and fixed for 30 min at 25°C. Next, 0.1%
Triton X-100/10 mM PBS was added dropwise to permeabilize
the cells for 5 min. After rinsing with PBS, the TUNEL reac-
tion solution was added dropwise to the cells, and the mixture
was incubated for 60 min at 37°C with humidification away
from light. Subsequently, cells were rinsed with PBS, followed
by counterstaining with DAPI (5.7 uM) in the dark for 5 min at
25°C. After having been rinsed with PBS again, the slides were
sealed with a fluorescence quencher. Neurons were counted
by two pathologists under a fluorescence microscope (cat.
no. BX53; Olympus Corporation) at a magnification of x400
in a blinded manner. Each pathologist observed four random
fields of view of each slide. First, the total numbers of neurons
(DAPI* neurons) and apoptotic neurons (TUNEL" neurons) in
each field of view were determined to obtain the percentage of
apoptotic neurons. Then, the average percentage of apoptotic
neurons was evaluated for the four fields of view using the
results from each pathologist. Finally, the average percentage
from the two pathologists was calculated as the final result.

Immunofluorescence staining. After fixing the neurons with
4% paraformaldehyde for 15 min at 25°C, 0.1% Triton X-100
was added for permeabilization for 30 min at 25°C. 10%
goat serum was subsequently added dropwise for blocking
for 15 min at 25°C. The rabbit anti-rat ERK antibody (1:200)
was then added for a 12 h incubation at 4°C. After washing
with PBS, Cy3-labeled goat anti-rabbit IgG (for red fluo-
rescence; 1:200) was added, with a further incubation for
60 min at 25°C away from the light. Subsequently, the nuclei
were subjected to counterstaining with DAPI in the dark for
5 min at 25°C. Finally, slides were sealed by dropwise addi-
tion of fluorescence quencher. ERK subcellular localization
in the neurons was observed under a fluorescence microscope
(BX53; Olympus Corporation).

To observe the binding of ERK to PPARY, immunofluo-
rescence double staining was performed for ERK and PPARY.
The neurons were fixed with 4% paraformaldehyde for 15 min
at 25°C, and then permeabilized with 0.1% Triton X-100 for
30 min at 25°C. After blocking the neurons with 10% goat
serum for 15 min at 25°C, rabbit anti-rat polyclonal PPARy
antibody (1:200) and mouse anti-rat ERK monoclonal anti-
body (1:200) were added for incubation overnight at 4°C. After
washing with PBS, Cy3-labeled goat anti-rabbit IgG (for red
fluorescence; 1:200) and FITC-labeled goat anti-mouse IgG
(for green fluorescence; 1:200) were added for incubation
for 60 min at 25°C in the dark. After rinsing with PBS, the
nuclei were counterstained with DAPI in the dark for 5 min at
25°C. After rinsing a further time with PBS, the fluorescence
quencher was added dropwise to mount the slides. Finally, the
sites of expression of ERK and PPARY in the neurons were
observed under a fluorescence microscope (cat. no. BX53;
Olympus Corporation).

ELISA. The cultured cells were collected and lysed on ice
for 15 min by adding a lysis solution of RIPA and PMSF
(ratio, 100:1). Subsequently, the cells were centrifuged at
12,000 x g for 10 min at 4°C. After separating the supernatant
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from the pellet, the level of intracellular A was detected
using a rat AP, ,, ELISA kit (Wuhan USCN Business Co.,
Ltd.) according to the manufacturer's instructions. To detect
the level of extracellular AP, ,,, the culture medium of each
group was collected and centrifuged at 3,000 x g for 10 min
at 4°C to obtain the supernatant. The concentration of A, 4,
in the supernatant was detected using the aforementioned rat
AP,.4, ELISA kit according to the manufacturer's instructions.

Western blotting. The neuronal nuclear protein, cytoplasmic
protein and total protein fractions were extracted respectively
using nuclear and cytoplasmic protein extraction and whole
cell lysis assay kits (Wanleibio Co., Ltd.) according to the
instructions of these kits. A BCA assay was performed to
determine protein concentration (Wanleibio Science Co.,
Ltd.). Subsequently, the proteins were denatured by heating
at 95°C, and 40 ug protein was loaded each electrophoretic
lane and separated by electrophoresis on 8% SDS-PAGE gels.
After having been transferred to nitrocellulose membranes,
the separated proteins were subjected to blocking using 5%
skimmed milk powder at 37°C for 1 h. Subsequently, the levels
of nuclear and cytoplasmic ERK protein, nuclear PPARY,
nuclear p-PPARy-Serl12 protein and whole-cell IDE protein
were separately measured. Nitrocellulose membranes were
incubated with rabbit anti-rat ERK, p-PPARy-Ser112, PPARY,
IDE, Histone H3, GAPDH and fB-actin polyclonal antibodies
(diluted in 5% skimmed milk powder; 1:600, 1:500, 1:500,
1:800, 1:800, 1:800 and 1:1,000, respectively), overnight at
4°C, followed by washes with Tris-buffered saline containing
0.05% Tween 20. Subsequently, nitrocellulose membranes were
treated with horseradish peroxidase-labeled goat anti-rabbit
secondary antibody (1:900) at 37°C for 45 min. Protein bands
were visualized using an ECL chemiluminescent reagent.
Gel-Pro-Analyzer software (version 4.0; Media Cybernetics,
Inc.) was used to analyze the optical density values of the
target bands, with Histone H3 as the loading control for nuclear
ERK, p-PPARYy-Ser112 and PPARY proteins, with GAPDH
on cytoplasmic ERK protein and with -actin on whole IDE
protein.

Statistical analysis. Data are presented as the mean + SEM
obtained from 6 independent experiments. Statistical analyses
were performed using SPSS (version 19.0; IBM Corp.).
One-way ANOVA was used for comparisons among groups,
followed by the least significant difference post hoc test for
pairwise comparisons between groups. P<0.05 was considered
to indicate a statistically significant difference.

Results

Neuroprotective effects of ginsenoside Rgl on an AD neuronal
model. After treating primary cultured hippocampal neurons
with A, number of TUNEL* neurons, as detected by
TUNEL staining, was increased significantly (control group
vs. model group; P<0.05), which suggested that A, ,, could
induce neuronal apoptosis. Pretreatment with ginsenoside Rgl
prior to treatment with A, ,, was foundto reduce the TUNEL"*
rate in neurons (ginsenoside Rgl group vs. model group;
P<0.05), indicating that ginsenoside Rgl could effectively
reduce neuronal apoptosis in the AD model (Fig. 1A and B).
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Figure 1. Effect of ginsenoside Rgl on neuronal apoptosis in an Alzheimer's disease model. (A) TUNEL staining. (B) Comparison of numbers of TUNEL*
neurons. (C) TUNEL staining following ERK inhibition. (D) Comparison of the numbers of TUNEL* neurons following ERK inhibition. Green represents
TUNEL" staining in the nucleus, whereas blue represents DAPI-stained nuclei (scale bar, 50 pm; n=6). ‘P<0.05 vs. control group, “P<0.05 vs. model group and

“P<0.05 vs. PD98059 group.

The use of the ERK inhibitor PD98059 also led to a reduc-
tion in the rate of neuronal apoptosis induced by Af3,_,, (model
group vs. PD98059 group; P<0.05). Treatment with PD98059
followed by ginsenoside Rgl resulted in a further decrease in
neuronal apoptosis compared with that resulting from treat-
ment with PD98059 alone (PD98059 group vs. ginsenoside
Rgl + PD98059; P<0.05; Fig. 1C and D).

Ginsenoside Rgl reduces the level of AB in an AD neuronal
model. ELISA results demonstrated that treatment of primary
cultured rat hippocampal neurons with AP, 4, could lead to
significantly increased intra- and extracellular levels of AP, _,,
(control group vs. model group; P<0.05). However, treatment
with ginsenoside Rgl reduced the intra- and extracellular
AP, levels in the AD neuronal model (model group vs.

ginsenoside Rgl group; P<0.05; Fig. 2A and B). Treatment
with PD98059 also reduced the intra- and extracellular levels
of AP, in the AD neuronal model (model group vs. PD98059
group; P<0.05; Fig. 2C and D). Following ERK inhibition by
PD98059 in the AD neuronal model, treatment with ginsen-
oside Rgl resulted in a further decrease in the intra- and
extracellular Af, 4, levels compared with the levels detected
following treatment with PD98059 alone (PD98059 group vs.
ginsenoside Rgl + PD98059 group; P<0.05; Fig. 2C and D).

Ginsenoside Rgl prevents ERK translocation from the cyto-
plasm to the nucleus in an AD neuronal model. To examine
the effect of AP and ginsenoside Rgl on ERK translocation,
ERK expression and its subcellular localization in neurons
were first observed using immunofluorescence staining.
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Figure 2. Effect of ginsenoside Rg1 on the Af levels in the neurons of an Alzheimer's disease model. (A) Comparisons of intracellular Af levels. (B) Comparisons
of extracellular Af levels. (C) Comparisons of intracellular Af levels after ERK inhibition. (D) Comparisons of extracellular Af levels after ERK inhibition.
Detection of intra- and extra-neuronal Af levels using ELISA (n=6). "P<0.05 vs. control group, “P<0.05 vs. model group and °P<0.05 vs. PD98059 group. Af,

B-Amyloid peptide.

The results revealed that, when compared with the intensity
of red fluorescent staining in normal neurons, the ERK red
fluorescent staining in the cytoplasm of neurons treated
with AP, 4, was diminished, whereas that in the nucleus was
enhanced. Compared with that in the A, 4,-treated neurons
(model group), pretreatment with ginsenoside Rgl prior to
AP, .4, treatment resulted in enhanced ERK red fluorescence
in the cytoplasm and reduced red fluorescence in the nuclei
of the neurons (Fig. 3A). To further examine the translocation

of ERK, the expression levels of the ERK protein in the
cytoplasm and the nucleus were also detected using western
blotting, and the ratio of the ERK protein expression in the
nucleus relative to that in the cytoplasm was calculated. These
results indicated that compared with those in the control
group, ERK protein expression in the cytoplasm of neurons
was decreased, whereas that in the nucleus was increased
in the model group (all P<0.05); therefore, the ratio of ERK
protein expression in the nucleus to that in the cytoplasm was
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Figure 3. Effect of ginsenoside Rgl on ERK translocation in the neurons of an Alzheimer's disease model. (A) ERK immunofluorescence staining. Red
represents ERK staining, whereas blue represents DAPI-stained nuclei (scale bar, 50 zm). (B) Western blotting was used to detect the nuclear and cytoplasmic
protein expression levels of ERK. Comparisons of the nuclear and cytoplasmic protein expression levels of ERK, and the ratio of ERK protein expression in
the nucleus to that in the cytoplasm (n=6). "P<0.05 vs. control group and “P<0.05 vs. model group.

increased following Af, 4, treatment (control group vs. model
group; P<0.05). However, pretreatment with ginsenoside
Rgl effectively inhibited the A, ,,-induced changes in ERK
expression in the cytoplasm and in the nucleus; ERK protein
expression in the cytoplasm was increased, whereas that in
the nucleus was decreased, indicating that the ratio of ERK
protein expression in the nucleus to that in the cytoplasm was
decreased (model group vs. ginsenoside Rgl group; all P<0.05;

Fig. 3B). Taken together, these results suggested that AP, 4,
could promote the translocation of ERK from the cytoplasm
to the nucleus, whereas ginsenoside Rgl was able to inhibit
this translocation of ERK.

Ginsenoside Rgl inhibits the co-expression of ERK and
PPARy in an AD neuronal model. To further confirm the
binding of ERK to its target molecule, PPARY, following
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DAPI Merged

Figure 4. Effect of ginsenoside Rgl on the co-expression of ERK and PPARY in the neurons of an Alzheimer's disease model. Green represents ERK staining,
red represents PPARY staining and blue represents DAPI-stained nuclei (scale bar, 50 ym). PPARY, peroxisome proliferator-activated receptor v.

translocation from the cytoplasm to the nucleus, immunofluo-
rescence double staining of ERK and PPARy was performed
to detect their co-expression levels. The co-expression of ERK
and PPARY in the nuclei of AB,_,-treated hippocampal neurons
was increased compared with that in the nuclei of normal
neurons (model group vs. control), whereas the co-expression
of ERK and PPARy was lower in the nuclei of neurons that
were pretreated with ginsenoside Rgl prior to A, 4, treatment
compared with that in the nuclei of neurons treated with A, 4,
alone (ginsenoside Rgl group vs. model group). These findings
suggested that ginsenoside Rgl could inhibit the co-expression
of ERK and PPARY in the AD neuronal model (Fig. 4).

Ginsenoside Rgl inhibits the phosphorylation of PPARYy at
Serl12 in an AD neuronal model. The phosphorylation level of
PPARY at Serl12 (p-PPARy-Ser112/PPARY) in the nucleus of
the AD neuronal model following Af,_4, and ginsenoside Rgl
treatment was investigated. The results revealed that the level
of p-PPARy-Serl12 was increased after treatment of primary
cultured hippocampal neurons with AP, 4, (control group vs.
model group; P<0.05; Fig. 5A). However, pretreatment with
ginsenoside Rgl prior to treatment with A, ,, reduced the
level of p-PPARY at Serl12 (model group vs. ginsenoside Rgl
group; P<0.05; Fig. 5A). Following treatment with the ERK
inhibitor PD98059 in the AD neuronal model, it was found
that the level of p-PPARY at Serl12 was reduced (model
group vs. PD98059 group; P<0.05; Fig. 5B). Following ERK
inhibition by PD98059 and treatment with ginsenoside Rgl
in the AD neuronal model, the level of p-PPARy at Serl112
was not further decreased compared with that of the group
treated with PD98059 alone (PD98059 group vs. ginsenoside
Rgl + PD98059; P>0.05; Fig. 5B). Taken together, these find-
ings suggested that PD98059 and ginsenoside Rgl were able
to effectively inhibit the phosphorylation of PPARYy at Serl112
in the nuclei of the AD neuronal model.

Ginsenoside Rgl increases IDE protein expression in an AD
neuronal model. In a subsequent series of experiments, the
effect of ginsenoside Rgl on IDE protein expression in the
AD neuronal model was examined using western blotting. The
results demonstrated that IDE protein expression in the AD
neuronal model, prepared by treating hippocampal neurons
with A, ,,, was decreased (control group vs. model group;
P<0.05; Fig. 6A). However, IDE protein expression in the
AD neuronal model was increased following treatment with
ginsenoside Rgl (model group vs. ginsenoside Rgl group;
P<0.05; Fig. 6A). IDE protein expression in the AD neuronal
model was increased following treatment with PD98059
(model group vs. PD98059 group; P<0.05; Fig. 6B). However,
IDE protein expression was increased further following
pretreatment with PD98059 combined with treatment with
ginsenoside Rgl in the AD neuronal model (PD98059 group
vs. ginsenoside Rgl + PD98059 group; P<0.05; Fig. 6B).

Discussion

The findings presented in the current study further
demonstrated the scavenging effect of ginsenoside Rgl
on A, and the results suggested that the underlying
mechanism might be associated with the inhibition of the
ERK-mediated phosphorylation of PPARy. Ginsenoside
Rgl prevents ERK translocation from the cytoplasm to
the nucleus in an Alzheimer's disease neuronal model,
resulting in the inhibition of PPARYy phosphorylation at
Serl112 and the promotion of the transcriptional activity of
PPARY. As a result, the target gene of PPARY IDE expres-
sion increases to promote AP degradation (Fig. 7). ERK
regulates numerous downstream transcription factors, such
as PPARy (27), NF-kB (28), E-twenty-six-like transcription
factor 1 (29), c-Myc (30) and c-Fos (31). Some molecules,
such as BACEI1 (32,33) and IDE (10,11), can be regulated
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Figure 5. Effect of ginsenoside Rg1 on the phosphorylation of PPARY at Ser112 in the nuclei of neurons of an Alzheimer's disease model. (A) Comparison of the
phosphorylation levels of PPARY at Ser112 (p-PPARy-Ser112/PPARY) in the nuclei of neurons. (B) Comparison of the phosphorylation levels of PPARy at Ser112
(p-PPARYy-Ser112/PPARY) in the nuclei of neurons following ERK inhibition (n=6). "P<0.05 vs. control group and “P<0.05 vs. model group. p-, phosphorylated;

PPARY, peroxisome proliferator-activated receptor .

transcriptionally by PPARY, and are involved in the patho-
genesis of AD. Therefore, PPARYy was chosen as the subject
of the present study. PPARY is a ligand-activated nuclear
transcription factor that binds to retinoic X receptors to
form heterodimers, subsequently binding to its ligand, and
thereby regulating the expression of downstream target
genes that are involved in the regulation of numerous
physiological responses, including those associated with
lipid metabolism, cell fate, glucose homeostasis, insulin
sensitivity, immune responses and inflammation (34-36).
Previous studies have also demonstrated that PPARY is
not only associated with obesity, diabetes, inflammation
and tumors, but is also closely associated with AD (37,38).
Furthermore, a previous study (39) demonstrated that
PPARY activation improved spatial memory in animal
models of AD, and it was accomplished by inhibiting
[-secretase expression and reducing AP production
through modulating the responses of the microglia to AP
deposition, thereby increasing the phagocytosis of Ap and
reducing cytokine release (40,41). Furthermore, it also
accomplished this by improving mitochondrial function
in AD models (42), reducing oxidative stress (43) and
improving impaired synaptic plasticity (44).

The functions of PPARY are regulated by post-translational
modifications, including ubiquitination, phosphorylation, acet-
ylation, SUMOylation and O-GlcNAcylation (45). As aging
progresses, PPARy phosphorylation inactivation occurs in
various tissues, such as the kidney, cerebral cortex and adipose
tissue (46). Bartl er al (47) showed that PPARYy phosphoryla-
tion is also present in the brains of patients with AD, and the
number of p-PPARy* cells was found to be notably increased
in the cortex and hippocampus of deceased patients with AD
compared with those in age-matched control patients without
dementia. In addition, a previously published in vitro study
confirmed that the presence of A} can result in the phosphory-
lation of PPARY at Ser273 (19). However, in the present study,
AP treatment of the primary cultured rat hippocampal neurons
resulted in an increase in the level of PPARY phosphorylation
at Serl12. At present, no definitive answer may be provided as
to whether PPARY phosphorylation leads to the onset of AD,
or whether PPARY phosphorylation occurs after the onset of
AD.

Previous studies have demonstrated that certain stimuli
such as epidermal growth factor, transforming growth
factor B, insulin and prostaglandin F2a can trigger PPARY
phosphorylation at different sites through the activation of
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Figure 6. Effect of ginsenoside Rgl on the IDE expression in the neurons of an Alzheimer's disease model. (A) Comparison of IDE protein expression in the
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MAPK, thereby leading to the increase or decrease of tran-
scriptional activity of PPARYy (45,48,49). MAPK comprises
a family of serine/threonine protein kinases, which are able
to transmit numerous extracellular signals to the nucleus
to regulate various cellular processes, including cell prolif-
eration, gene expression, apoptosis, differentiation and stress
responses (20,21). The MAPK signaling pathway includes
three main kinases, including MAPK, MAPK kinase
(MAPKK) and MAPKK kinase (MAPKKK). Stimuli, such
as growth factor receptors, receptor tyrosine kinase and
G-protein-coupled receptors, are able to activate Ras, which in
turn activates MAPKKK. Activated MAPKKK subsequently
phosphorylates and activates MAPKK which phosphorylates
and activates MAPK (50). Following activation, MAPK is
translocated from the cytoplasm into the nucleus where it
binds to its target molecules via docking-mediated interac-
tions, followed by serine/threonine-residue phosphorylation
of multiple substrate proteins and the modification of their
activity (22). The main members of the MAPK family are
ERKs, p38 and JNK. It has been demonstrated that ERK
and p38 mediate the Serl12 phosphorylation of the A/B
structural domain of PPARY, thereby inhibiting its transcrip-
tional activity (23,27,51). In addition, JNK can mediate the
phosphorylation of PPARYy at Ser82, also inhibiting its tran-
scriptional activity (52). IDE is a zinc metalloprotease and is
regulated transcriptionally by PPARY (10). Previous studies
have demonstrated that, in addition to its ability to degrade
insulin, IDE is also able to effectively degrade AP, including
intra- and extracellular AP (53,54). In the present study, the
following observations were made after treating primary
cultured rat hippocampal neurons with Ap: ERK was translo-
cated from the cytoplasm to the nucleus, the phosphorylation
level of PPARYy at Serl12 was increased, IDE expression was
decreased and neuronal apoptosis was increased. These find-
ings suggested that AP could stimulate ERK translocation to
the nucleus, thereby mediating the phosphorylation of PPARY,
and consequently affecting the PPARy-mediated regulation of
IDE expression. In the present study, treatment with ginsen-
oside Rgl effectively inhibited the translocation of ERK from
the cytoplasm to the nucleus and inhibited the co-expression of
ERK and PPARY. It was also found that the phosphorylation of
PPARY at Serl12 was reduced, IDE expression was increased,
and both intra- and extracellular levels of AP were reduced,
suggesting that ginsenoside Rgl might exert an anti-Af} effect
by inhibiting the ERK-mediated phosphorylation of PPARY.
However, the present study did have certain limitations. First,
the mechanisms through which Af affects the translocation
of ERK from the cytoplasm to the nucleus, how ginsenoside
Rgl inhibits ERK or whether the MAPK signaling pathway
is involved in this process have not been revealed. In addi-
tion to its inhibitory effect on PPARY via the phosphorylation
of Serl12, ERK can also induce nuclear export of PPARYy
via direct interactions with PPARY, thereby modulating the
nucleo-cytoplasmic compartmentalization of PPARy and
attenuating the transactivation function of PPARy (55). It
is also unclear whether Ap promotes the aforementioned
ERK-mediated nuclear export of PPARY, or whether ginsen-
oside Rgl may inhibit the ERK-mediated nuclear export of
PPARY. Relevant experiments will be performed in the future
to address these questions.

PPARY belongs to a family of ligand-regulated nuclear
receptors with other members including PPARa, PPARf and
PPARS (56). Previous studies have demonstrated that PPARa,
PPARp, PPARS are also associated with AD (56-60). PPAR«
is able to regulate the expression of genes encoding enzymes
that are engaged in amyloid precursor protein metabolism
and downregulate BACEI expression to reduce AP genera-
tion (56). By contrast, PPAR and PPARS can alleviate AD
through their insulin-sensitizing, anti-inflammatory and
myelin sheath-stabilizing effects, thereby decreasing A3 depo-
sition (57). It has been demonstrated that PPARS activation
may exert a neuroprotective effect in AD models by inhibiting
the inflammation and the amelioration of A, ,-induced
hippocampal neurotoxicity (58,59). Additionally, PPARY
has been demonstrated to suppress the generation of neuro-
toxic AP by attenuating BACE] expression via the cytokine
signaling 1-mediated inhibition of signal transducer and acti-
vator of transcription 1 signaling (60). In the present study,
only the effects of ginsenoside Rgl on PPARY were observed.
Therefore, it is not yet clear whether ginsenoside Rgl also
exerts any effects on PPARa, PPARf, PPARS.

The present study revealed that ERK pathway activa-
tion could induce cellular apoptosis, and that the inhibitor
PD98059 inhibited cell apoptosis, findings that were consis-
tent with those of numerous previous studies (61-63). The
ERK pathway not only mediates cell proliferation but can
also induce apoptosis (64). Activation of the ERK signaling
pathway is able to promote the proliferation of tumor cells
and enhance the processes of tumor cell migration and inva-
sion (65-68), all of which leads to an acceleration of tumor
progression. PD98059 could exert a positive protective effect,
as it can inhibit tumor cell proliferation, migration and inva-
sion (66,69-71). In addition, activation of the ERK pathway has
been demonstrated to mediate cell apoptosis, and this effect
can be blocked by PD98059 (61-63). In cardiomyocytes, ERK
activation is involved in doxorubicin-induced cardiomyo-
cyte apoptosis, which has been demonstrated to be blocked
by the knockdown of ERK (61). In rats with pre-eclampsia,
activation of the ERK signaling pathway has been demon-
strated to induce trophoblast apoptosis (62). Furthermore, in
IL-1p-stimulated chondrocytes, ERK has been demonstrated
to be involved in the dynamin-related protein 1-mediated
induction of apoptosis, and apoptosis can be inhibited by
PD98059 (63). However, it appears that several studies have
obtained contrary findings. For example, in colorectal cancer
cells, treatment with PD98059 combined with paclitaxel led to
an increase in apoptosis (72). Another study showed that acti-
vation of ERK improve the cell viability of H,O,-treated bone
marrow-derived mesenchymal stem cells, and the effect could
be blocked by PD98059 and ERK small interfering RNA (73).
Therefore, further studies are required to fully clarify whether
the effects of ERK activation and PD98059 on apoptosis are
inhibitory or stimulatory, and these studies will be performed
in the future.

In the present study, use of the ERK inhibitor PD98059,
followed by treatment with ginsenoside Rgl, was found to
result in significant improvements in A} levels, neuronal
apoptosis and IDE expression in an AD neuronal model
compared with the effects of PD98059 treatment alone. This
suggested that, in addition to the ERK/PPARYy pathway,
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ginsenoside Rgl might also increase the levels and activity
of IDE and promote A degradation through other pathways.
Besides PPARY, IDE levels have been shown to be regu-
lated by other molecules and signaling factors/processes,
including circulating insulin, glucose, L-lactate and free fatty
acids (74), nucleoside triphosphates (75), sex steroids (76)
and insulin-mediated Akt activation (77). However, further
studies are required to confirm whether ginsenoside Rgl
may affect IDE expression through these pathways or act
on IDE directly. In addition to IDE, certain other proteases
are known to degrade A, including neprilysin, MMP-9
and MMP-2 (78). In other studies, it has been shown that
ginsenoside Rgl is able to i) decrease accumulation of neuro-
fibrillary tangles in the retina by regulating the activities of
neprilysin and protein kinase A in the retinal cells of an AD
mouse model (79); ii) inhibit tumor cell invasion and migra-
tion by inhibiting NF-kB-dependent MMP-9 expression (80);
and iii) inhibit myocardial remodeling in an animal model of
chronic thromboembolic pulmonary hypertension through
upregulating MMP-2 and MMP-9 expression in myocardial
tissue (81). However, to the best of our knowledge, whether
ginsenoside Rgl removes AP by acting on these molecules is
unknown, and further studies are required to investigate this
possibility.

There are two further limitations of the present study. First,
only immunofluorescence double staining was used to detect
the combination of ERK and PPARy in the AD neuronal
model used in the present study. It would have been useful to
investigate the effect of AP and ginsenoside Rg1 on the combi-
nation of ERK and PPARY using co-immunoprecipitation. In
addition, only in vitro experiments were performed in the
present study and, although this does not substantially affect
conclusions, the results of the present study would be more
impactful, and the conclusion would be strengthened if animal
experiments had been conducted.

In conclusion, the present study demonstrated that
ginsenoside Rgl may exert neuroprotective effects on AD by
inhibiting the ERK/PPARY phosphorylation pathway, which
thereby upregulated the expression levels of the PPARy-targeted
gene IDE and promoted A degradation. These findings have
presented evidence in favor of a novel mechanism of action of
ginsenoside Rgl against AD, also providing a theoretical basis
for a further application of ginsenoside Rgl in the treatment
of AD.
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