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Notoginsenoside R1 ameliorates the inflammation
induced by amyloid-f} by suppressing SphK1-mediated
NF-kB activation in PC12 cells
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Abstract. Alzheimer's disease (AD) is the most common
type of age-related dementia, and causes progressive memory
degradation, neuronal loss and brain atrophy. The pathological
hallmarks of AD consist of amyloid-f (Ap) plaque accumula-
tion and abnormal neurofibrillary tangles. Amyloid fibrils
are constructed from A peptides, which are recognized to
assemble into toxic oligomers and exert cytotoxicity. The
fibrillar AB-protein fragment 25-35 (AP,s3s) induces local
inflammation, thereby exacerbating neuronal apoptosis.
Notoginsenoside R1 (NGR1), one of the primary bioactive
ingredients isolated from Panax notoginseng, exhibits effec-
tive anti-inflammatory and anti-oxidative activities. However,
NGRI1 pharmacotherapies targeting Af-induced inflammation
and cell injury cascade remain to be elucidated. The present
study investigated the effect and mechanism of NGRI1 in
AP,s4s-treated PC12 cells. NGR1 doses between 250 and
1,000 pug/ml significantly increased cell viability suppressed
by 20 uM AP, 55 peptide treatment. Notably, the present study
demonstrated that Ap,s 55 peptide-induced sphingosine kinase
1 (SphK1) signaling activation was reduced after NGR1 treat-
ment, further inhibiting the downstream NF-kB inflammatory
signaling pathway. In addition, administration of SphK1
inhibitor II (SKI-IT), a SphK1 inhibitor, also significantly
reduced AP,s;s peptide-induced apoptosis and the ratio of
NF-«B p-p65/p65. Furthermore, SphK1 knockdown in PC12
cells using small interfering RNA alleviated AB-induced
cell apoptosis and inflammation, suggesting a pivotal role of
SphK1 signaling in the anti-inflammatory effect of NGRI1.
In summary, NGR1 alleviated inflammation and apoptosis
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stimulated by Af,s ;5 by inhibiting the SphK1/NF-kB signaling
pathway and may be a promising agent for future AD treat-
ment.

Introduction

The prevalence of neurodegenerative diseases, such as
Parkinson's disease and Alzheimer's disease (AD) among
elderly individuals, is increasing yearly (1). AD has been
considered a global public health threat, and is the most
common cause of dementia. The Global Burden of Disease
study recently forecasted that the number of individuals
with dementia would increase from 57.4 million cases glob-
ally in 2019 to 152.8 million cases in 2050 (2). The classical
neuropathological hallmarks of AD include amyloid-p (Af)
plaque accumulation and neuro-fibrillary tangles aggregated
by hyperphosphorylated tau protein (3). In general terms,
amyloid precursor protein (APP) is cleaved by [-secretase,
and y-secretase can support the generation and maturation of
AP peptides, which range between 38 and 43 amino acids (4).
Prospective studies have reported that accumulation of different
species of AP peptides contributed to glial activation and
increased release of pro-inflammatory cytokines, chemokines
and reactive oxygen species, all of which induce subsequent
pathological events in AD, such as neuroinflammation and
oxidative stress (5,6). Ap triggers a cascade that causes neuron
death, synapse loss and further cognitive decline (7). However,
the validity of advanced or ongoing anti-amyloid therapies for
AD is controversial due to the inefficiency in ameliorating
cognitive outcomes in patients with AD (8).

Glia and immune cell-activated neuroinflammation is
initiated by AP deposition, leading to neuron loss and cell
apoptosis (9). Sphingosine kinase (SphK) is the predominant
isoform responsible for the phosphorylation of sphingosine to
produce sphingosine 1-phosphate (S1P), which acts as a pivotal
lipid signaling regulator in the process of cell apoptosis,
senescence and inflammation (10,11). SphK1 and SphK2 are
well-identified isoforms of SphK and exhibit different proper-
ties and biological outcomes due to their different intracellular
localization and tissue distribution (12). Notably, activation of
intracellular SphK1 promotes the generation of S1P, which is
necessary for the phosphorylation of IxB kinase and activation
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of the canonical NF-kB inflammatory signaling pathway (13).
Emerging research has indicated underlying mechanisms
and pathways of the SphK1/S1P axis involving neuroinflam-
mation within different neurological disorders (14,15). One
study revealed that SphK1 and its product S1P promoted the
M1 microglia polarization and enhanced the production of
pro-inflammatory cytokines in injured spinal cord tissue of
rats, which ultimately amplificated the inflammation cascade,
including nuclear phosphorylation of p38 MAPK and NF-«xB
p65 (14). However, another study demonstrated that elevated
SphK1 activity in neurons restored AP phagocytosis of
microglia and resolution of neuroinflammation via acetyla-
tion of cyclooxygenase 2 (COX?2) (15). Therefore, the role and
underlying mechanism of SphK1 in Af-related neuroinflam-
mation remain to be fully elucidated.

Panax notoginseng is a traditional Chinese medicine
with beneficial functions in promoting blood circulation
and alleviating limb swelling (16). In addition, it has been
used in several clinical trials to treat vascular dementia,
cognitive decline and brain disorders in acute stroke (17,18).
Notoginsenoside R1 (NGR1), one of the ingredients isolated
from P. notoginseng saponins (PNSs), has been reported to
possess anti-inflammatory and anti-oxidative stress proper-
ties (19,20). Chen et al (19) demonstrated that NGR1 alleviated
IL-1pB-induced inflammation and oxidative stress in vivo and
in vitro by activating the nuclear factor erythroid 2-related
factor 2/heme oxygenase 1 signaling pathway. In addition,
NGRI1 attenuated isoflurane-induced neurological disorders,
including cognitive decline, memory loss and neuroinflamma-
tion, in rats (20). Notably, NGR1 exhibited a neuroprotective
effect, including increasing memory function, improving
learning ability and alleviating neuronal hyperexcitability via
the regulation of voltage-gated sodium channels (Nav) proteins,
in a mouse model of AD (21). These existing results implied
that NGR1 might exert a neuroprotective effect on AD-related
neuroinflammation and other neurological injuries. However,
to the best of our knowledge, the specific mechanism of NGR1
in AB-induced neuroinflammation in AD progression remains
unclear.

Given the beneficial role of NGR1 in ameliorating
AD-related neurological disorders, the present study assessed
whether NGR1 treatment protects against Af,s;s-induced
neuron apoptosis and inflammation and the underlying
mechanism. The present study first examined Af-protein
fragment 25-35 (AP,s.3s)-induced cell apoptosis and NF-xB
inflammatory signaling pathway activation in PC12 rat
adrenal chromaffin cell tumor cells co-incubated with Af,s.s
and different concentrations of NGRI. In addition, the present
study used small interfering RNA (siRNA/si) to knock down
SphK1 to indicate how neuroinflammation improvement by
NGR1 depended on the regulation of the SphK1/NF-xB
signaling axis in PC12 cells.

Materials and methods

Experimental reagents. NGR1 (batch number B21099; purity
=98%) was acquired from Shanghai Yuanye Biotechnology
Co., Ltd. For cell treatment, NGR1 was dissolved in DMSO
(MilliporeSigma) and diluted in cell culture medium to keep
the DMSO content below 0.1% of the total volume of the cell

culture medium The preparation of Af,s;5 (MilliporeSigma)
has been described in our previous study (22). Briefly, AB,s.ss
was first dissolved to a concentration of 1 mM in deionized
water and then aged for 72 h at 37°C in a humidified chamber
to induce its aggregation. When apparent white flocculent
aggregation occurred after incubation for 72 h, the aggregated
solution was dissolved in DMSO to a concentration of 250 uM
and stored at -20°C before being added to the culture medium
to examine the cell viability at the final desired concentration
(range, 5-30 uM), and to perform related molecular experi-
ments at a final concentration of 20 M. The final concentration
of DMSO in the culture medium was <0.01% (vol/vol).

Cell experiments. PC12 rat pheochromocytoma cells (The Cell
Bank of Type Culture Collection of The Chinese Academy of
Sciences) were maintained in Ham's F-12 medium (Gibco;
Thermo Fisher Scientific, Inc.) with 5% (vol/vol) heat-inac-
tivated FBS (Gibco; Thermo Fisher Scientific, Inc.), 15%
(vol/vol) horse serum (Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin-streptomycin solution (100 U/ml penicillin
and 100 pg/ml streptomycin; Gibco; Thermo Fisher Scientific,
Inc.) in a humidified incubator (5% CO,; 95% air; 37°C). For
analysis of the effects of NGR1 on Ap,s ;s-induced cell injury,
PCI2 cells were stimulated with 20 uM AP,s ;5 peptide alone
or combined with different concentrations of NGR1 (50, 100,
250, 500 and 1,000 pg/ml) for 24 h at 37°C. For analysis of
the effects of SphK1 inhibitor II (SKI-IT) on Af,s;s-induced
cell injury, PC12 cells were cultured with 20 uM Af,s.45
peptide alone or combined with 10 xM SKI-II (HY-13822;
MedChemExpress) with or without NGR1 (1,000 pg/ml) for
24 h at 37°C based on previous studies (23,24). PC12 cells
incubated at 37°C for 24 h with only culture medium were
used as the control group. A schematic diagram of cell treat-
ments is shown in Fig. 1A. Cell viability was examined using
an MTT assay according to the manufacturer's instructions as
previously described (25).

RNA extraction and quantitative PCR (qPCR). Total
RNA from PCI12 cells was isolated using Biozol reagent
(Biomiga), and cDNA was synthesized using a cDNA Reverse
Transcriptase Kit (Vazyme Biotech Co., Ltd.) according to
the manufacturer's instructions. The temperature protocol for
reverse transcription was as follows: 37°C for 15 min and 98°C
for 5 min. qPCR was performed using SYBR Green Real-time
PCR Master Mix (Vazyme Biotech Co., Ltd.) on an Eppendorf
Master Cycler ep RealPlex4 (Eppendorf SE) as previously
described (26). The reaction conditions were as follows: 2-min
pre-denaturation at 95°C, followed by 40 cycles of 15 sec at
95°C and 30 sec at 60°C. GAPDH was used as a housekeeping
gene for data standardization. The gene expression was calcu-
lated using the 2244 method as described previously (27). The
primer sequences are listed in Table I.

TUNEL staining. A TUNEL BrightGreen apoptosis detection
kit (Vazyme Biotech Co., Ltd.) was used to detect apoptotic
cells as described in our previous study (22). Briefly, PC12
cells were cultured on coverslips until they reached 70-80%
confluence. Subsequently, the PC12 cells were treated with
20 uM Apf,s.4s peptide alone or co-incubated with different
concentrations of NGR1 ranging between 50 and 1,000 pxg/ml
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Figure 1. Effects of NGR1 on cell viability and apoptosis in PC12 cells. (A) Cell experiment design. (B) Viability of PC12 cells treated with 20 uM Ap,s.5
and different concentrations of NGR1 for 24 h as examined using an MTT assay. n=6. (C) mRNA expression levels of Bax, Bcl-2 and Caspase3 in PC12 cells.
n=6. (D) Representative confocal images of TUNEL-positive (green) apoptotic cells and DAPI-labeled nuclei (blue) of PC12 cells. Scale bar, 50 ym. n=3.
(E) Apoptotic rate quantification. Data are presented as the mean £ SEM. "P<0.05, “"P<0.01 vs. untreated control group; "P<0.05, 7P<0.01 vs. 20 uM AP,s.5

group. Af,s .35, amyloid-f-protein fragment 25-35; NGR1, notoginsenoside R1.

for 24 h at 37°C. After fixation with 4% paraformaldehyde at
room temperature for 15 min and permeabilization with 0.2%
Triton X-100 (MilliporeSigma) for 10 min at room temperature,
the apoptotic cell nuclei were stained with green fluorescein,
while all cell nuclei were labeled with blue DAPI, as observed
by confocal microscopy (IX83; Olympus Corporation). The
fluorescence data were analyzed and quantified using ImagelJ
Fiji 2.9.0 (National Institutes of Health). The apoptotic cell
rate was measured as the ratio of TUNEL-positive nuclei over
DAPI-stained nuclei as follows: Apoptotic rate (%)=[(number
of TUNEL-positive nuclei)/(number of DAPI-stained nuclei)]
x100 (%).

Immunoblotting. Proteins from PCI12 cells were extracted in
RIPA lysis buffer (MilliporeSigma) containing protease and

phosphatase inhibitors (Roche Diagnostics). According to
the manufacturer's instructions, protein concentrations were
quantified using a BCA protein assay kit (Thermo Fisher
Scientific, Inc.). The proteins (10 ug/lane) were equally loaded
onto 10% SDS gels and transferred to methanol-prewetted
PVDF membranes (MilliporeSigma). The membranes
were blocked for 1 h at room temperature with a 0.2% KPL
detector block (SeraCare Life Sciences; LGC Limited) and
then incubated with primary antibodies at 4°C overnight. The
primary antibodies used were anti-SphK1 (cat. no. abs135525;
Absin Bioscience, Inc.), anti-phospho-NF-xB p65 (Ser536)
(cat. no. 3033), anti-NF-xB p65 (cat. no. 3034), GAPDH
(cat. no. 2118) and B-actin (cat. no. 3700) (Cell Signaling
Technology, Inc.) at a dilution of 1:1,000. After washing
with tris-buffered saline with 0.1% Tween® 20 detergent, the
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Table I. Primer sequences.

Name Forward primer (5'-3") Reverse primer (5'-3")

r. Bax GAACTGGACAACAACATGGA GCAAAGTAGAAAAGGGCAAC

r. Bcl-2 GGGTCATGTGTGTGGAGAG AGCCAGGAGAAATCAAACAG

r. Caspase3 GAGCTTGGAACGCGAAGAAAA ACACAAGCCCATTTCAGGGTA

r. SphK1 CGCCTGGGCAACACCGATAA GGCTACATAGGGGTTTCTGG

r. MMP-3 ACCTATTCCTGGTTGCTGCT CAGGTCTGTGGAGGACTTGT

r. MMP-9 AGTGCCCTTGAACTAAGGCT GCCTCCACTCCTTCCTAGTC

r. GAPDH ATGGAGAAGGCTGGGGCTCACCT AGCCCTTCCACGATGCCAAAGTTGT

r., rat; SphK1, sphingosine kinase 1.

membrane was incubated with HRP anti-rabbit or -mouse
antibody at a dilution ratio of 1:10,000 at room temperature for
1 h (cat. no. 7074 and 7076, Cell Signaling Technology, Inc.).
The band visualization was performed used an ECL chemilu-
minescence kit according to the manufacturer's instructions
(E422, Vazyme Biotech Co., Ltd.). The procedures of western
blotting were described previously (28). The intensity of the
bands in the autoradiograms was examined using ImageJ Fiji
2.9.0 (National Institutes of Health).

SiRNA-mediated gene silencing and transfection. PC12 cells
were maintained in 6- or 12-well plates until the cells were
~70% confluent. For SphK1 siRNA interference, the cells
were transfected with 50 nM si-SphK1 or si-Control (Sangon
Biotech Co., Ltd.) for 6 h at 37°C and then incubated with
20 uM AP,s4s peptide alone or co-cultured with 1,000 pg/ml
NGRI for 24 h at 37°C. The cells in the negative control group
were maintained at 37°C for 30 h without any treatment and
transfection. The si-SphK1 target sequences were as follows:
5'-GGACUUGGAGAGUGAGAAATT-3' (sense) and 5'-UUU
CUCACUCUCCAAGUCCTT-3' (antisense). The scrambled
si-Control sequences were as follows: 5-UUCUCCGAACGU
GUCACGUTT-3' (sense) and 5'-ACGUGACACGUUCGG
AGAATT-3' (antisense). Transfection of PC12 cells with the
specific siRNA against SphK1 and scrambled si-Control was
performed using Lipofectamine® 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) in Opti-MEM (Gibco; Thermo
Fisher Scientific, Inc.) as described previously (22,29).

Statistical analysis. All data are presented as the mean + SEM.
Differences among the mean values were assessed using
one-way ANOVA followed by the Tukey's post hoc test using
Prism 9 (Dotmatics). P<0.05 was considered to indicate a
statistically significant difference.

Results

Effects of varying concentrations of NGRI on the viability of
PC1I2 cells. Previous studies have reported the cell toxicity of
AP,s.45 peptide (10-30 M) in PC12 and SH-SYS5Y cells (30-32).
Our previous study demonstrated that treatment with A,s_55
peptide (10-30 M) alone reduced the cell viability at 24, 48
and 72 h (22). Consistently, the present study demonstrated
that AP,s.;5 peptide administration contributed to a significant

decrease of cell viability in the dose range of 10-30 uM at 24 h
compared with the control group (Fig. S1A). No significant
cell toxicity was detected in PC12 cells treated with NGR1
at concentrations ranging between 50 and 1,500 pg/ml. By
contrast, 2 mg/ml NGRI1 treatment for 24 h significantly
decreased the cell viability (Fig. S1B). Notably, addition of
NGRI increased the suppressed cell viability caused by 20 uM
AP,s.55 administration in a dose-dependent manner from 250 to
1,000 pg/ml after 24 h (Fig. 1B). Thus, NGR1 concentrations
ranging between 250 and 1,000 pxg/ml were used in subsequent
experiments.

NGRI decreases apoptosis in Af,s ;s-treated PCI2 cells. The
influence of NGR1 on apoptosis-related gene expressionin PC12
cells was analyzed by reverse transcription-qPCR. As shown
in Fig. 1C, 20 uM AP,s 55 treatment significantly increased the
mRNA expression levels of Bax and Caspase-3, which are clas-
sical apoptosis promoters. By contrast, the mRNA expression
levels of Bcl-2, an essential regulator in cell apoptosis inhibi-
tion, were decreased in the A, 55-treated group compared with
the control group; however, this difference was not significant
(Fig. 1C). However, NGR1 supplementation (250-1,000 pg/ml)
reduced the mRNA expression levels of Bax and Caspase-3
but increased the mRNA expression levels of Bcl-2 in the
PC12 cells co-incubated with 20 uM Af,s4s peptide at 24 h
in a dose-dependent manner (Fig. 1C). In addition, TUNEL
staining was performed to further verify the effect of NGR1
on apoptosis (Fig. 1D and E). AB,55s administration (20 zM)
increased the percentage of TUNEL-positive cells compared
with the control group (Fig. 1D and E). By contrast, NGR1
treatment (500-1,000 pg/ml) dose-dependently decreased the
apoptotic cells labeled by TUNEL in the PC12 cells co-treated
with Ap,s35 peptide (Fig. 1D and E).

NGRI inhibits AB,s;s-induced SphKI/NF-kB signaling
activation in PCI2 cells. Intracellular SphK1 is consid-
ered to modulate NF-«xB activation and is responsible for
the inflammatory cascade following different inflamma-
tory stimuli (33,34). To elucidate the anti-inflammatory
mechanism of NGR1 in Af,s;s-treated PC12 cells, the
present study examined the gene and protein expression
levels of SphK1 and the ratio of NF-kB p-p65/p65 in
PC12 cells co-incubated with 20 uM AP,s ;s and different
concentrations of NGR1 (Fig. 2). As shown in Fig. 2A,



MOLECULAR MEDICINE REPORTS 29: 16, 2024 5

A
SphK1 MMP-3 MMP-9
g 25 . 2 s 0.08 *
[4) =().
E 2 L - § 1 5 . £>.) 4 p ‘|'
s 4 s S
£ e 1 €
g ! 2 g ? # #
& 05 505 = I—v- #
[} [) o)
T 0 T 9 c 0
APpsgs - + + + + + 4 APpsgs - + * + o+ o+ APpgs — + + * F + 4
NGR1 (ug/ml) - — 50 100 250 5001000 NGR1 (wg/ml) - - 50 100 2505001000 NGRT (ug/m) - - 50 100 250 5001000
ABos.3 ABos.3: ABos.35
B +250 ngiml +500 pg/mi +1000 ug/ml C
Control AB2s.35 NGR1 NGR1 NGR1
[ Control
20 uM ABs.
- — — E120 uM A5 55
SPIKT | s S S — — [ 20 uM ABys 55+250 ug/ml NGR1
Sr . W 20 1M ABos 55+500 pg/ml NGR1
« 20 UM AB,5_55+1000 pg/mi NGR1
APDH = -
¢ -— e Sy - - 2, e
:'é‘ **
NF-xB o
p-p65 | W e WD S S e o e %1 .
T =
o
GAPDH | s S S S S S S  — :
SphK1/GAPDH  NF-xB p-p65/p65
NF-xB pe—————
DES | o w—— — — —— ——
B-actin | me A S S

Figure 2. Effects of NGR1 on the inflammatory response in PC12 cells. (A) mRNA expression levels of SphK1, MMP-3 and MMP-9 in PC12 cells incubated
with 20 uM A, 35 and different concentrations of NGR1 for 24 h. n=6. (B) Protein levels of SphK1, NF-«xB p-p65 and total NF-xB p65 and their corresponding
loading controls in PC12 cells. (C) Semi-quantification of the protein levels of SphK1, NF-kB p-p65 and total NF-kB p65 in PC12 cells. n=4. Data are
presented as the mean = SEM. "P<0.05, “P<0.01 vs. untreated control group; “P<0.05, 7P<0.01 vs. 20 uM Af,s.5 group. AB,s.ss, amyloid-B-protein fragment
25-35; NGR1, notoginsenoside R1; p-, phosphorylated; SphK1, sphingosine kinase 1.

AP,s55 treatment increased the mRNA expression levels of
SphK1 compared with the control group, whereas NGR1
supplementation (ranging between 250 and 1,000 pg/ml)
significantly reduced SphKI gene expression in PCI2 cells.
Furthermore, in a dose-dependent manner, NGR1 treat-
ment (250-1,000 ug/ml) significantly decreased the protein
levels of SphK1 and decreased the ratio of p-p65/p65 in
PC12 cells compared with the 20 uM Ap,; ;s-treated group
(Fig. 2B and C). Additionally, MMP-3 and MMP-9 are
pivotal inflammatory components in the progression of AD,
as they promote the aggregation of Af and tau proteins in
the brain (35). Consistently, Af,s;5 treatment increased the
mRNA expression levels of MMP-3 and MMP-9 in vitro,
while NGR1 administration (250-1,000 pgg/ml) prominently
decreased the mRNA expression levels of MMP-3 and
MMP-9 in a dose-dependent manner (Fig. 2A).

SphK1/NF-kB signaling is involved in the anti-inflammatory
effect of NGRI in AB,s ;s-treated PCI2 cells. To clarify the
role of SphK1/NF-kB signaling in the anti-inflammatory
effect of NGR1 in A,s;s-treated PC12 cells, 10 uM SKI-II,
a SphK1 inhibitor, was co-administrated with 20 uM AB,s.s
peptide and 1,000 xg/ml NGR1 for 24 h (Fig. 3). SphK1 inhibi-
tion also significantly decreased the mRNA expression levels
of Bax and Caspase-3 but increased the mRNA expression

levels of Bcl-2 in PC12 cells to a similar extent compared with
1,000 pg/ml NGR1 supplementation compared with AP,s.s
treatment alone (Fig. 3A). At the same time, a decreased
percentage of TUNEL-positive apoptotic cells was observed
in the SKI-II-treated group and SKI-II and NGR1 group
compared with the 20 uM AP,s ;5 peptide treatment group in
PC12 cells (Fig. 3B).

SphK1 inhibition by SKI-II treatment decreased the
mRNA expression levels of MMP-3 and MMP-9 in PC12 cells
compared with the A,s;5 peptide-treated group (Fig. 3C).
Similar to treatment with 1,000 pzg/ml NGR1 and AP,s.s,
western blotting demonstrated that SKI-II treatment signifi-
cantly decreased the protein levels of SphK1 and decreased the
ratio of p-p65/p65 in PCI12 cells compared with those of the
20 uM AP,s5s peptide-treated group (Fig. 3D and E). However,
1,000 p#g/ml NGR1 and 10 uM SKI-II combined treatment
did not further inhibit the activation of the NF-kB signaling
pathway (Fig. 3D and E). Overall, these data illustrated the
involvement of SphK1 in the inhibitory effect of NGR1 on
inflammation induced by Af,s55 in PC12 cells.

Knockdown of SphKI relieves inflammation induced by
ApB5s 35 in PCI2 cells. To further verify whether the activa-
tion of SphK1 mediates NGR1-alleviated inflammation,
scrambled siRNA and si-SphK1 were transfected into PC12
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(C) mRNA expression levels of SphK1, MMP-3 and MMP-9 in PC12 cells. n=6. (D) Protein levels of SphK1, NF-kB p-p65 and total NF-xB p65 in PC12 cells.
(E) Semi-quantification of the protein levels of SphK1, NF-kB p-p65 and total NF-xB p65 and their corresponding loading controls in PC12 cells. n=4. Data
are presented as the mean + SEM. "P<0.05, “P<0.01 vs. untreated control group; “P<0.05, #P<0.01 vs. 20 uM AP,s 35 group. Af,s.4s, amyloid-B-protein fragment
25-35; NGR1, notoginsenoside R1; ns, not significant; p-, phosphorylated; SKI-II, SphK1 inhibitor II; SphK1, sphingosine kinase 1.

cells separately, and an untreated and untransfected negative
control group was established (Figs. 4 and S2), and SphK1
was knocked down (Fig. S2). As shown in Fig. 4A, SphK1
knockdown decreased mRNA expression levels of Bax and
Caspase-3, and increased mRNA expression levels of Bcl-2
in PC12 cells compared with cells treated with Af,; ;5 alone in
the si-Control group, which indicated that SphK1 knockdown
abolished the apoptosis induced by Af,ss. Consistently, a
decreased proportion of TUNEL-labeled apoptotic cells
was observed in the 20 uM AP,s;s-treated si-SphK1 group
when compared with the 20 uM Af,s_;s-treated si-Control

group (Fig. 4B). In addition, SphK1 knockdown significantly
decreased the mRNA expression levels of MMP-3 and
MMP-9 and decreased the ratio of p-p65/p65 in PC12 cells
compared with the 20 uM Ap,s;s-treated si-control group
(Fig. 4C-E). However, knockdown of SphK1 combined
with AP,s3s and NGRI1 treatment did not exert an effect on
mRNA expression levels of Bax, Caspase-3 and Bcl-2, and
the proportion of TUNEL-stained apoptotic cells compared
with combination treatment of NGR1 and Af,s;5 in the
si-control groups (Fig. 4A and B). In addition, knockdown
of SphK1 combined with Af,s4; and NGR1 treatment also
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Figure 4. Effects of siRNA-mediated knockdown of Sphk1 on Af,s.;s-induced apoptosis and inflammation in PC12 cells. (A) mRNA expression levels of Bax,
Bcl-2 and Caspase3 in PC12 cells transfected with si-Control and si-Sphk1. N=6. (B) Representative confocal images and apoptotic rate quantifications of
TUNEL-positive (green) apoptotic cells and DAPI-labeled nuclei (blue) of PC12 cells. Scale bar, 50 pm. N=3. (C) mRNA expression levels of SphK1, MMP-3
and MMP-9 in PC12 cells. N=6. (D) Protein levels of SphK1, NF-kB p-p65 and total NF-kB p65 and their corresponding loading controls in PC12 cells.
(E) Semi-quantification of the protein levels of SphK1, NF-kB p-p65 and total NF-«kB p65 in PC12 cells. n=4. Data are presented as the mean = SEM. "P<0.05,
“P<0.01 vs. negative control (no treatment or transfection); “P<0.05, #P<0.01 vs. si-control + 20 uM AP,s 45 group; “4P<0.01 vs. si-control + 20 uM AB,s5 +
1,000 pg/ml NGR1group. AB,s.3s, amyloid-f-protein fragment 25-35; NGR1, notoginsenoside R1; ns, not significant; p-, phosphorylated; siRNA/si, small

interfering RNA; SphK1, sphingosine kinase 1.

decreased the mRNA level of MMP-3 and MMP-9 and
inhibited NF-kB p65 activation compared with those of the
PC12 cells treated with Af,s 55 alone in the si-Control group,
but to a similar extent compared with combined treatment

with NGR1 and Ap,s.;5 in the si-control group (Fig. 4C-E).
However, these data demonstrated that knockdown of
SphK1 could effectively suppress Af-induced apoptosis and
inflammation in PC12 cells.
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Discussion

The principal cellular characteristic of AD is Ap-related
neurotoxicity that prompts apoptosis, which is responsible for
extensive neuronal degeneration and loss in the brain (36).
Although ongoing clinical trials for AD therapies that target
the degradation of AP deposition have been unsatisfactory,
widespread research has indicated high toxicity of soluble
AP oligomers (37). In general, AB,_,, and AP,,, are the most
abundant species of AP peptides, of which Af,_,, has been
detected as the primary component in amyloid plaque depo-
sitions in patients with AD (38). Among the Ap fragments
available at present, the Af,; ;s peptide consisting of 11 amino
acid residues has been found in the in the brain of patients
with AD (39). In addition, a comparison study demonstrated
that both AB,,, and Ap,ss induced similar cell toxicity in
organotypic hippocampal slices. Nevertheless, the authors
highlighted that synthetic Af,s4s peptide was convenient for
clarifying the neurotoxic mechanisms involved in the patho-
genesis of AD (40). AB,s;s peptide is a cheap and convenient
alternative in the pathological investigations of AD, since this
smaller peptide retains the toxicity of the full-length peptide
and induces a vast amount of neuron death (41). Furthermore,
the AP,s.4s peptide forms a series of B-barrel aggregates and a
dominant hexamer structure, the C terminus region of which
provides the most potent interactions between two A,s.s
monomers (42). Notably, aging aggravates the release of soluble
AP, 4 from plaques and Ap,_4, is converted by proteolysis to
toxic AP,s.3s0, Which causes detrimental damage in the hippo-
campal CA1 neurons to promote neurotoxicity in AD (39).
Collectively, the present study used the Af,s;s peptide as a
potent inducer to simulate cell toxicity and apoptosis, effec-
tively mimicking the pathological conditions associated with
AD invitro.

PC12 cells are derived from the adrenal medulla of a
rat with pheochromocytoma and are widely utilized as a
neuronal precursor cell line in neuroscience research (43).
PC12 cells exhibit morphological and physiological traits
resembling those of adrenal gland cells in the undifferentiated
state (43). These cells are commonly employed in numerous
studies to investigate the neurotoxic effects of various
substances (44,45). For instance, PC12 cells are frequently
used to study Ap-induced neurotoxicity, as an in vitro model
simulating aspects of AD (46). Our previous study revealed
that the AP,s4s peptide markedly contributed to severe apop-
tosis and oxidative stress in PC12 cells (22). A recent study also
revealed that AP,s ;s administration enhanced apoptosis and
activated the NF-«B signaling pathway in an APP/presenilin 1
double-transgenic mouse model of AD and BV2 microglia cell
line (47). Consistent with these previous findings, the present
study used AP,s.;5 peptide to establish AD-related phenotypes
in PC12 cells, including cellular apoptosis and neuroinflam-
mation. In the present study, 20 uM Ap,s ;5 treatment for 24 h
was used and significantly induced apoptosis, as demonstrated
by the decrease in cell viability, increased mRNA expression
levels of pro-apoptotic markers (Bax and Caspase3) and
increased percentage of TUNEL-labeled apoptotic cells. In
addition, AP,s;; markedly activated the NF-xB inflamma-
tory signaling pathway associated with the increased levels
of Sphkl signaling in PC12 cells. Notably, the present study

demonstrated that NGR1 blocked the NF-xB inflammatory
pathway by inhibiting SphK1 signaling, thereby reversing
AP,s.45-induced apoptosis and inflammatory damage in PC12
cells. However, a limitation of the present study was the
absence of protein detection of cleaved caspase3, necessitating
further investigations to conclusively ascertain the impact of
NGRI on apoptosis.

Prospective studies have demonstrated the advantages of
P. notoginseng in alleviating inflammation, inhibiting cell
apoptosis and reducing thrombosis (48,49). As the bioactive
component of P. notoginseng, PNS exhibits neuroprotective
effects on the progression of AD by inhibiting Af3 production
and aggregation and alleviating inflammation (50). Notably,
NGRI, a primary active ingredient of PNSs, has also been
reported to have beneficial effects on neuronal activity
repairment in AD development (51,52). For instance, oral
administration of NGRI1 effectively improved AB-induced
synaptic plasticity deficits in brain slices and reduced AP
neurotoxicity by recovering Af,_4, oligomer-induced long-term
potentiation impairment (51). Hu et al/ (21) demonstrated that
NGR1 treatment restored cell viability of primary cultured
mouse neurons after AP, ,, administration and reduced
neuronal hyperexcitability via the reallocation of Navl.la
and prevention of excessive cleavage of Navf2. The present
findings demonstrated that NGR1 supplementation increased
viability in a dose-dependent manner after incubation of PC12
cells with Af,s ;5 and decreased apoptosis. Another study also
demonstrated that NGR1 counteracted the cell damage induced
by AP,s.s by increasing cell viability, alleviating cellular
oxidative damage and normalizing mitochondrial membrane
potential via the suppression of the MAPK signaling pathway
in PC12 cells (52). Therefore, we hypothesized that NGR1
exerted neuroprotective effects against Af,s4s-induced cell
injury by alleviating apoptosis in PC12 cells.

Extracellular AP deposition indicates neurotoxicity
resulting in neuronal death, microglia activation and exces-
sive production of pro-inflammatory cytokines, which are
mediated through binding to neurotrophic factors, such as
N-methyl-D-aspartate receptor and insulin receptor (53).
The present study revealed activation of the NF-kB inflam-
matory signaling pathway in Af,sss-treated PC12 cells.
In addition, in the present study, Af,s;s treatment mark-
edly increased the mRNA expression levels of MMP-3
and MMP-9, which are located around amyloid plaques
and elevated in the brain of patients with AD (54,55). In
the Ra2 microglia cell line, excessive Af accumulation
elevated the activity of MMP-3 and subsequently activated
PI3K/Akt signaling inflammatory cascades (56). In addi-
tion, the simultaneous accumulation of cortical MMP-9
may be recognized as a pathological marker of the early
onset of AD (57), and MMP-3 has been demonstrated to
activate MMP-9 effectively and to indirectly facilitate
AD pathology (58). The present study revealed inhibition
of phosphorylation of NF-kB p65 and decreased mRNA
expression levels of MMP-3 and MMP-9 in NGR1-treated
groups compared with the group treated with only Af,s;s.
Although the substantial role and mechanism of MMP-3 and
MMP-9 in the AB-induced inflammatory response remain
elusive, the present data suggested that MMP-3 and MMP-9
were involved in the Af,ss-related neurotoxicity and
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inflammation. Therefore, further investigation is required
to examine the potential role and possible mechanism of
MMPs in the AP neurotoxicity during AD progression.

In addition to the downregulation of NF-kB activation,
the present study also revealed a marked decrease in SphK1
mRNA and protein expression in NGR1-treated groups. SphK1
is one of the rate-limiting enzymes catalyzing SI1P genera-
tion, which subsequently binds to a series of intracellular S1P
receptors and is involved in various inflammatory diseases (11).
One study reported that SphK1 and its product SIP acted as
viable therapeutic targets for mediating neuroinflammation
via the phosphorylation of p38 MAPK and ultimate activa-
tion of NF-kB p65 (14). Conversely, treatment with PF543,
a validated inhibitor of SphK1, reversed pro-inflammatory
MI-type microglia-facilitated neuron apoptosis and NF-kB
po65 activation in PCI12 cells (14). Consistently, the present data
demonstrated that NGR1 decreased the mRNA and protein
levels of SphK1 and inhibited the phosphorylation level of
NF-«B p65. The present study used 10 M SKI-II as an effective
SphK1 inhibitor (23,24). It demonstrated that pharmacological
inhibition of SphK1 markedly decreased apoptosis and
decreased the ratio of p-p65/p65 in PC12 cells. A prior study of
the pharmacokinetics of SKI-II suggested a pro-inflammatory
effect in atherosclerosis-prone mice (59). However, to the best of
our knowledge, the role of the SphK1-triggered inflammatory
signaling pathway in Af toxicity has not been fully elucidated.
In the present study, pharmacological inhibition by SKI-II
administration and siRNA-mediated SphK1 knockdown were
performed in PC12 cells. Notably, the present study revealed
significant alleviation of Af,ss-induced apoptosis and the
NF-«B inflammatory response when SphK1 was inhibited or
knocked down. However, the underlying mechanism of SphK1
signaling appears to be complicated and controversial in Ap
neurotoxicity (24). In APP-transfected PC12 cells, the presence
of endogenous Ap peptides led to a reduction in SphK1 activity,
and treatment with SKI-II decreased cell viability (24). In addi-
tion, a reduction of SphK1 activity was observed in the neurons
of patients with AD and mice (60), while COX2 acetylated by
the activated SphK1 signaling contributed to the resolution
of neuroinflammation and A} phagocytosis by microglia in
AD (15). Furthermore, glial cells, mainly microglia, and astro-
cytes are involved in the pathogenesis of AD by regulating the
phagocytosis of AP proteins and the release of pro-inflamma-
tory cytokines (61). Therefore, further investigations involving
the concrete mechanism regarding NGR1 and Af,;ss-activated
neuroinflammation and subsequent glial cell activation via
SphK1 signaling are required. Notably, the increased mRNA
expression levels of MMP-3 and MMP-9 following treatment
with Af,s,s were decreased when SphK1 was inhibited or
knocked down. Although few studies have focused on the role
of SphK1 in Af,ss-related neurotoxicity via the regulation of
MMP-3 and MMP-9, the activity of S1P, a downstream product
of SphKl, elevated the levels of MMP-3 and subsequently
promoted the progression of osteoarthritis (62). In addition,
N, N-dimethylsphingosine, a potent SphK1 inhibitor, also
decreased the levels of MMP-9 and other pro-inflammatory
cytokines in the cellular junctions between Jurkat-U937 cells
and rheumatoid arthritis human peripheral blood mononuclear
cells (63). Therefore, SphK1-regualted MMP-3 and MMP-9
may be a potential mechanism for investigating Af,s ;s-related
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neurotoxicity and the inflammatory response. Notably, the
inhibition of SphK1 in PC12 cells did not result in any altera-
tions in the mRNA expression levels of MMP-3 or MMP-9,
nor did it affect the ratio of p-p65/p65 compared with those of
cells treated with NGR1 and AP,s ;5. These findings suggested
that the SphK1-mediated activity of MMP-3 and MMP-9 may
serve a role in the NGRI1-related neuroprotective effect on
AP,s.35-induced neurotoxicity and inflammation.

Taken together, the present study revealed that NGR 1 supple-
mentation increased the viability and protected PC12 cells
against Af,s_3s-induced apoptosis in a dose-dependent manner.
Furthermore, NGR1 treatment alleviated the Ap,s;s-activated
inflammatory response by inhibiting SphK1-mediated NF-xB
signaling pathway activation. These findings highlighted the
neuroprotective role of NGR1 in Ap,s;s-related neurological
impairment and provided a theoretical basis for further under-
standing the mechanism of NGR1 in A neurotoxicity.

However, a major limitation of the present study was its
focus on detecting changes of apoptosis markers at the gene
level without considering alterations at the protein level, which
could have been detected by western blotting. Therefore,
further investigations involving protein analyses are required
to confirm the validity of these results. Further studies using
an in vivo AD model and corresponding primary neuron cells
are required to identify the exact role and mechanism of the
SphK1 signaling in the NGR1-mediated anti-inflammatory
effects during the progression of AD.
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