Yang et al. BMC Complementary Medicine and Therapies (2024) 24:144 BMC Com p|em enta ry
https://doi.org/10.1186/512906-024-04403-7 .. .
Medicine and Therapies

Check for
updates

Panax notoginseng saponins prevent
dementia and oxidative stress in brains
of SAMP8 mice by enhancing mitophagy

Yingying Yang'", Wenya Chen?', Zhenmei Lin', Yijing Wu', Yuging Li*” and Xing Xia®"

Abstract

Background Mitochondrial dysfunction is one of the distinctive features of neurons in patients with Alzheimer’s
disease (AD). Intraneuronal autophagosomes selectively phagocytose and degrade the damaged mitochondria,

mitigating neuronal damage in AD. Panax notoginseng saponins (PNS) can effectively reduce oxidative stress and
mitochondrial damage in the brain of animals with AD, but their exact mechanism of action is unknown.

Methods Senescence-accelerated mouse prone 8 (SAMP8) mice with age-related AD were treated with PNS for

8 weeks. The effects of PNS on learning and memory abilities, cerebral oxidative stress status, and hippocampus
ultrastructure of mice were observed. Moreover, changes of the PTEN-induced putative kinase 1 (PINK1)-Parkin, which
regulates ubiquitin-dependent mitophagy, and the recruit of downstream autophagy receptors were investigated.

Results PNS attenuated cognitive dysfunction in SAMP8 mice in the Morris water maze test. PNS also enhanced
glutathione peroxidase and superoxide dismutase activities, and increased glutathione levels by 25.92% and 45.55%
while inhibiting 8-hydroxydeoxyguanosine by 27.74% and the malondialdehyde production by 34.02% in the brains
of SAMP8 mice. Our observation revealed the promotion of mitophagy, which was accompanied by an increase in
microtubule-associated protein 1 light chain 3 (LC3) mRNA and 70.00% increase of LC3-ll/I protein ratio in the brain
tissues of PNS-treated mice. PNS treatment increased Parkin mRNA and protein expression by 62.80% and 43.80%,
while increasing the mRNA transcription and protein expression of mitophagic receptors such as optineurin, and
nuclear dot protein 52.

Conclusion PNS enhanced the PINK1/Parkin pathway and facilitated mitophagy in the hippocampus, thereby
preventing cerebral oxidative stress in SAMP8 mice. This may be a mechanism contributing to the cognition-
improvement effect of PNS.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegen-
erative disease characterized by cognitive and memory
dysfunction and dementia; it has a significant impact
on patients’ quality of life [1]. The risk of AD increases
considerably with advanced age. More than 50 million
people worldwide currently live with AD, and this num-
ber is expected to exceed 152 million by 2050 [2]. Only
5 drugs, namely donepezil, rivastigmine, galantamine,
tacrine, and memantine, are currently approved by the
US Food and Drug Administration to treat AD [3]. These
drugs only show some efficacy in alleviating cognitive
deficits in patients with mild-to-moderate AD and can-
not reverse its progression [4, 5]. It is evident that there
exists a necessity to enhance the advancement of phar-
maceuticals aimed at the treatment of AD.

The main pathological features of AD include the for-
mation of senile plaques with a core of f-amyloid (Ap)
deposits outside neurons, intracellular tangles of neuro-
genic fibers with a core of hyperphosphorylated Tau, and
neuronal loss [6]. A large body of evidence also suggests
that mitochondrial dysfunction, oxidative stress, and
autophagy are involved in the pathogenesis of AD [7-9].
For example, AP deposition and accumulation in the
brain can lead to oxidative stress, promoting and accel-
erating AD onset. Healthy mitochondria can provide suf-
ficient energy for neuronal activity and protect neurons
by minimizing mitochondria-related oxidative damage
[10]. Mitochondrial autophagy, also known as mitophagy,
plays a key role in maintaining neuronal health, whereas
autophagosomes remove damaged mitochondria to
maintain homeostasis and normal cellular activities in
the brain [11-13]. Mitophagy is impaired in the hip-
pocampi of patients with AD and in the brains of mice
with AD, leading to ineffective clearing of the damaged
mitochondria. Further, the accumulation of damaged
mitochondria causes Tau protein to aggregate; elevated
levels of AP and phosphorylated Tau increase reactive
oxygen species production and abnormal mitochondrial
division, ultimately exacerbating mitochondrial damage
[14]. PTEN-induced putative kinase 1 (PINK1)/Parkin is
an important signaling pathway associated with mitosis
[15] and is key in controlling mitophagy [16]. Activating
the PINK1/Parkin pathway enhances mitophagy, inhibits
apoptosis, and protects neuronal cells [17], thus leading
to mitophagy; therefore, it could be a potential therapeu-
tic strategy in treating AD.

Panax notoginseng is a widely used traditional Chinese
medicine for treating cardiovascular and cerebrovascu-
lar diseases [18-20]. Clinically, it reduces cognitive dys-
function and brain damage in ischemic encephalopathy
and acute stroke [21-23]. Its main active ingredient is
P. notoginseng saponins (PNS), which have been formu-
lated as Chinese patent medicine such as P. notoginseng
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Tong Shu capsules and Xueshuantong capsules and
widely used clinically to treat dementia [24]. PNS play a
protective role in learning dysfunction in the senescence-
accelerated mouse prone 8 (SAMP8) mice [25] and APP/
PS1 transgenic mice [26], and can inhibit AD-like symp-
toms of worm paralysis in Caenorhabditis elegans [27].
Many mechanisms including precluding AP genera-
tion and deposition [25], skinhead-1 pathway activation
[27], antioxidative mechanism [28], circRNAs regulation
mechanism [29], are involved in the therapeutic effect
of PNS. SAMP8 model shows an early decline in learn-
ing and memory [30], as well as several brain abnormali-
ties comparable with those seen in AD, such as increased
AP deposition, tau phosphorylation, and oxidative stress
[31]. SAMPS8 mice present a demented phenotype, which
relates to the level of autophagy in the nervous sys-
tem [32]. PNS exerts neuroprotective effects in SAMP8
mice, thereby alleviating cognitive dysfunction [33]. It
also exerts therapeutic effects by promoting autophagy
[34, 35], and its mechanism of enhancing mitophagy is a
key pathway attributed to its mechanism of action [36].
PNS can promote mitophagy and alleviate cerebral isch-
emia—reperfusion injury in rats [37]. Notoginsenoside
R1, one of the key components of PNS, can alleviate
diabetic complications by enhancing PINK1-dependent
mitochondrial autophagy [38]. Our previous study found
that PNS could protect PC12 cells against Ap-induced
injury by promoting parkin-mediated mitophagy in vitro
[39]. PNS exerts excellent neuroprotective effects and
decreases neurological deficits, thereby improving cog-
nitive dysfunction. However, the specific mechanisms
of action and targets of PNS in enhancing cognitive
function in vivo need to be further explored. Based on
our previous observations, we proposed the following
hypothesis: PNS can alleviate oxidative stress and regu-
late mitochondrial autophagy in the brain, thus improv-
ing the learning memory abilities of AD. To explore this
hypothesis, the role of PNS in preventing oxidative stress
and improving mitophagy in the hippocampi of SAMP8
mice with dementia were investigated. The findings pro-
vide an important basis for its use in treating AD.

Materials and methods

Preparation of P. notoginseng saponins

PNS was purchased from Manster Bio-Technology Co.,
Ltd, (Chengdu, China, Lot No. MUST-18,070,601), which
prepared PNS in compliance with the Chinese Pharma-
copoeia. The quality of PNS meets stipulation of Chinese
Pharmacopoeia, with 14.5% notoginsenoside R1, 28.0%
ginsenoside Rgl, and 27.7% ginsenoside Rb1 as the main
components (Chinese Pharmacopoeia 2020 Edition).
Both PNS and Huperzine A (Cisen Pharmaceutical Co.,
Ltd, Shandong, China) were administered intragastrically
after homogeneous dispersion with distilled water.
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Animals and treatment

The senescence-accelerated mouse (SAM) is a rapid
aging mouse strain selectively bred from the AKR/J line
of mice. It is divided into the P strain of senescence-accel-
erated mice prone (SAMP), which is characterized by a
short lifespan and pronounced A pathology; the R strain
(SAMR), which is anti-aging and has a normal mouse
aging process, and is often used as a normal control for
SAMP [40]. Three-month-old male SAMRI1 (nz=10) and
SAMPS8 (n=40) mice were purchased from the Depart-
ment of Medicine, Peking University (Beijing, China),
housed under standard conditions (24+2 °C, 12-h light/
dark cycle, 60£10% humidity), and provided free access
to food and water. All animal-handling procedures were
approved by the Animal Ethics Committee of Guangxi
University of Traditional Chinese Medicine and con-
formed to the relevant regulations of the National Exper-
imental Animal Welfare Ethics. All experiments were
performed following ARRIVE guidelines 2.0 for report-
ing animal research.

After 4 weeks of feeding (approximately 4 months
of age), the rapidly aging SAMP8 mice were treated
according to previous study with some adjustments [33].
SAMP8 mice were randomly divided into a Model group
(Model), Huperzine A group (Huperzine A, treated with
0.3 mg/kg of Huperzine A), PNS high-dose group (PNS-
Hd, treated with 100 mg/kg of PNS), and PNS low-dose
group (PNS-Ld, treated with 50 mg/kg of PNS), with
each group consisting of 10 animals, Normal-aging
SAMRI mice served as the control group (Control). Ani-
mals in the control and model groups were administered
distilled water similarly, once daily for 8 weeks. After
completing the Morris water maze (MWM) behavioral
experiment, mice were starved for 12 h and anesthetized
with an intraperitoneal injection of 60 mg/kg phenobar-
bital sodium (Fujian Mindong Rejuenation Pharmaceuti-
cal Co., Ltd, Fujian, China, Lot No. 180,302). The blood
was collected under anesthesia in a dissection room,
following which, mice were sacrificed by decapitation
and dissected to obtain the brain and hippocampal tis-
sues. Samples were labeled with consecutive numbers by
a researcher who had no role in conducting the assays.
All investigators only knew the sample number and were
unaware of group allocations.

MWM test

After 8 weeks of drug administration, MWM (BW-
MMMIOI, Shanghai Biowill Co., Ltd, Shanghai, China)
was used for the orientation-navigation test and probe
test [41]. The MWM apparatus consisted of a circular
pool with a radius of 100 cm and height of 50 cm, 2/3
of which was filled with water and black food coloring
dye (22£1 °C), and a circular platform with a radius of
5 cm and height of 29 cm. Two investigators, who were
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unaware of the group allocation of mice, conducted the
MWM test. In the orientation-navigation test (days 1-5),
each mouse was trained to find the platform hidden
1 cm under the water within 60 s. The swimming activ-
ity of mice was recorded with a camera placed on top of
the water maze and the escape latency time for mice to
successfully land on the platform was measured using
the ANY-maze system (Stoelting Co., IL, USA). The mice
that did not successfully find the platform were guided to
it and held there for 10 s, with an escape latency of 60 s.
During the probe test (day 6), the platform was removed
and the animals were placed in quadrant 2, which was
opposite to the target quadrant (quadrant 4, the quadrant
where the platform was located). The swimming time and
trajectory of mice in the quadrant of the original platform
within 120 s were recorded and the percentage of swim-
ming time and path length in the target quadrant to the
total time and path length, respectively, was calculated.

Determination of glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), glutathione (GSH), and
malondialdehyde (MDA) levels

Frozen brain tissues were taken and precooled phos-
phate-buffered saline (PBS) was added to obtain a 10%
brain-tissue homogenate after homogenization at 4 °C
and centrifugation at 3000 rpm for 15 min. The super-
natant was assayed for GSH-Px and SOD activities and
GSH and MDA levels using the corresponding assay kits
(Nanjing Jiancheng Biotechnology Co., Ltd, Nanjing,
China). One unit of GSH-Px activity was defined as the
depletion of 1 umol/L of GSH in per mg protein per min,
deducting the effect of nonenzyme-catalyzed reaction,
and results were expressed as U/mg protein. SOD activity
was also expressed as U/mg protein, and one unit of SOD
was defined as the amount of protein inhibiting nitro-
blue tetrazolium reduction by 50%.

Determination of 8-hydroxydeoxyguanosine (8-OHDG)
levels

To determine 8-OHDG levels, the 10% brain-tissue
homogenate was repeatedly freeze-thawed twice for ade-
quate lysis and centrifuged at 4 ‘C at 5000 rpm for 5 min.
The level of 8-OHDG in the supernatant was determined
using an 8-OHDG enzyme-linked immunosorbent assay
kit according to the manufacturer’s instructions (Cusabio
Co., Ltd, Wuhan, China). The total protein concentra-
tion in the supernatant was determined and the level of
8-OHDG in the brain tissue is expressed as the mass of
8-OHDG/mg of tissue protein.

Transmission electron microscopy

Brain tissues fixed in 2.5% glutaraldehyde solution were
rinsed three times with PBS and fixed overnight at 4 °C
using 1% osmium tetroxide. The tissues were rinsed 3
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times with PBS and subjected to gradient dehydration,
infiltration, embedding, polymerization, and slicing.
Ultrathin sections were double-stained with 2% uranyl
acetate and lead citrate. Morphological changes of cell
ultrastructure in the hippocampus were observed and
photographed using a transmission electron microscope
(H-7650, Hitachi. Ltd., Tokyo, Japan).

Reverse transcription—polymerase chain reaction
(RT-qPCR)

Nine frozen hippocampi were randomly selected from
each group, and total RNA was extracted with Trizol,
followed by its purity and concentration measurements.
Total RNA was reverse-transcribed using the RevertAid
First Strand ¢cDNA Synthesis Kit (Thermo Fisher Sci-
entific Inc., MA, USA). Real-time PCR was performed
using the SYBR Green kit (Roche Inc., Basel, Switzer-
land). The PCR amplification conditions were as follows:
pre-denaturation at 95 ‘C for 10 min, followed by 40
cycles of denaturation at 95 C for 15 s, annealing at 55 'C
for 15 s, and an extension of 60 s. The Ct values of the tar-
get genes were normalized using [B-actin as the internal
reference, and their relative expressions were calculated
using the 2742t method. Primer sequence information is
shown in Table 1.

Western blotting

To obtain sufficient protein concentration for western
blotting, hippocampi from each group were randomly
paired to obtain five pooled samples. Proteins were
extracted by adding radioimmunoprecipitation assay buf-
fer (Beyotime Biotech. Inc., Shanghai, China) to lyse fully,
and their concentrations were determined using a pro-
tein quantification kit (Nanjing Jiancheng Biotechnology
Co., Ltd, Nanjing, China). Proteins were separated using
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (Beyotime Biotech. Inc., Shanghai, China), trans-
ferred to polyvinylidene difluoride membranes (Beijing
Solarbio Science & Technology Co., Ltd, Beijing, China),
and blocked with 5% skim milk for 2 h. The membranes
were then incubated overnight at 4 °C with the primary
antibodies: LC3 (1:1000, Cell Signaling Technology. Inc.,
MA, USA, Lot No. 0003), PINK1 (1:300, Abcam. Inc.,
Cambridge, UK, Lot No. GR3188319-1), Parkin (1:600,

Table 1 Primer Sequence
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Abcam. Inc., Cambridge, UK, Lot No. GR3172902-1),
NDP52 (1:600, Cell Signaling Technology. Inc., USA,
Lot No. 0002), and OPTN (1:100, Abcam. Inc., MA, UK,
Lot No. GR271296-16). The PVDF membranes were cut
into long strips based on protein molecular weights, then
membrane strips were washed with Tris-buffered saline
containing Tween 20 and incubated with peroxidase-con-
jugated goat anti-rabbit IgG (Boster Biological Technol-
ogy Co., Ltd, Wuhan, China, Lot No. BST14G29C54) for
1 h, and then imaged using an enhanced chemilumines-
cence (ECL) reagent kit (Beyotime Biotech. Inc., Shang-
hai, China). The bands were quantified using Image], and
the relative abundance of the target protein was normal-
ized using B-actin as an internal reference.

Statistical analysis

Data are presented as the mean +standard deviation (SD),
and statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad, La Jolla, CA). One-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test.
P<0.05 was considered statistically significant.

Results

PNS improves learning memory in SAMP8 dementia model
mice

The MWM test was used to evaluate the learning and
memory abilities of SAMP8 mice. No significant differ-
ences (P>0.05) were found in the dwell time percentage
and path length percentage in the platform quadrant
between groups during 1-3 days of the orientation-nav-
igation test. On days 4-5, the escape latency increased
significantly (Day 4 model group: 34.35+10.89 s,
P<0.05 ; Day 5 model group: 40.14+12.36 s, P<0.01,
Fig. 1A), and the path length percentage (Day 5 model
group: 25.80+6.66%, Fig. 1B) and dwell time percent-
age (Day 5 model group: 27.11+7.23%, P<0.01, Fig. 1C)
at the platform quadrant reduced significantly in mice
in the model group compared with that of mice in
the control group. PNS-treated mice had consider-
ably shorter escape latency time (Day 4 PNS-Hd group:
23.77+10.57 s, P<0.05 ; Day 5 PNS-Hd and PNS-Ld
group: 28.05+6.35 s, P<0.05, 25.65+6.65 s, P<0.01) and
a significantly longer dwell time percentage in the plat-
form quadrant (Day 4 PNS-Hd group and PNS-Ld group:

Gene Forward Primer (5’-3") Reverse Primer (5'-3')

LC3-I ATGGTCTACGCCTCCCAAGA CAGCCAGCACCCAAAAGAG
P62 AGCTGCTTGGCTGAGTGTTAC CAATTTCCTGAAGAATGTGGG
PINK-1 TCTCAAGTCCGACAACATCCTT ATTGCCACCACGCTCTACAC
Parkin CGGTCATTCTGGACAGACAGTAA TGCAGGTGCCACACTGAACTC
NDP52 CGCTACCAGTTCTGCTATGTGGA TCATGGAGGTCAGCGTACTTGTC
OPTN GGACAGCCCTTGTGAGACCC TCAAATCGCCCTTTCATAGC
B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
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Fig. 1 Panax notoginseng saponins improve learning and memory ability in SAMP8 mice, n=10. A Escape latency in the orientation-navigation test.
B Platform quadrant distance percent ratio in the orientation-navigation test. C Animal platform quadrant dwell time percent ratio in the orientation-
navigation test. D Swimming trajectory of mice on the 5th day of the orientation-navigation test. E Swimming trajectory of mice in the probe test. F Probe
test platform quadrant distance percentage ratio. G Probe test platform quadrant time percentage ratio. %P < 0.05, °P< 0.01 compared with the control

group, °P< 0.05,9P< 0.01 compared with the model group

35.71+7.05s, P<0.05, 37.08+9.14 s, P<0.05; Day 5 PNS-
Ld: 37.61£10.10 s, P<0.01) compared with that of mice
in the model group. In the probe test performed on the
6th day, mice in the model group showed significantly
less swimming time and path length in the target quad-
rant compared with those in the control group (P<0.05).
The activity trajectories of mice did not indicate a prefer-
ence for the target quadrant and were less likely to cross
the original platform area (Fig. 1D-E). Compared with
the model group (percentage of path length: 26.0+4.0%;
percentage of dwell time: 29.0+5.0%), the percentage of
path length in the target quadrant increased considerably
in the PNS-Ld group (31.014.0%, P<0.05 ) and PNS-
Hd group (30%+3.0%, P<0.05, Fig. 1F), and the percent-
age of dwell time in the target quadrant also increased
significantly in the PNS-Ld group (36.0+8.0%, P<0.05,
Fig. 1G).

PNS attenuates oxidative stress in the brain of SAMP8 mice
GSH-Px and SOD activities, and GSH, MDA, and
8-OHDG levels were determined to illustrate the oxida-
tive stress status in the brain of SAMP8 mice. GSH-Px
activity in the model group (39.82+3.31 U/mg prot pro-
tein, Fig. 2A) was higher than that in the control group
(P<0.05) and was further increased after treatment with
high- and low- dose PNS (PNS-Hd: 47.25£6.21 U/mg
protein, P<0.01; PNS-Ld: 46.22+4.98 U/mg protein,
P<0.01). The SOD activity decreased slightly in model
mice (27.641£10.93 U/mg protein), but increased sig-
nificantly in mice administered the high doses of PNS
(40.23+13.3 U/mg protein, P<0.05; Fig. 2B). GSH levels
in model mice (80.72+13.18 umol/g protine) were con-
siderably lower than in the controls (P<0.01), and treat-
ment with high- and low-dose PNS significantly increased
GSH level 99.94+11.18 and 101.64+13.20 pmol/g pro-
tine in these groups (P<0.01, Fig. 2C). 8-OHDG and
MDA levels significantly increased to 15.50+2.97 ng/
mg protein and 6.76+0.84 nmol/mg protein in model
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Fig. 2 Panaxnotoginseng saponins attenuate oxidative stress damage in the brains of SAMP8 demented mice, n=10. A GSH-PX activity, B SOD activity, C
GSH content, D 8-OHdG content, and E MDA content in mouse brain. °P< 0.05, °P< 0.01 compared with the control group, ‘P< 0.05, dP<0.01 compared

with the model group

mice (P<0.01 and P<0.05) but decreased significantly
to 11.20£3.28 ng /mg protein and 4.4610.87 nmol/mg
protein in high-dose PNS treated mice compared with
that in model mice (P<0.01; Fig. 2D-E). These results
indicated that PNS improves the antioxidant capacity and
reduces oxidative stress in the brain of SAMPS8 mice.

PNS enhances autophagy in the hippocampi of SAMP8
mice
The ultrastructure of hippocampal cells was observed
using transmission electron microscopy. Mitochondria
were mostly long and oval in the hippocampus obtained
from the control group; they had clear cristae and intact
structure without overaggregation. In samples from
model mice, mitochondria were aggregated around the
nucleus of the cells; some were swollen and ruptured
and had an obscure structure of the bilayer membrane
and scattered endoplasmic reticulum and lysosome
vesicles. However, most of the mitochondrial bilayers in
the hippocampi of PNS-treated mice were structurally
intact with neatly aligned cristae. Mitochondrial aggre-
gation was unremarkable and autophagosomes could be
observed (Fig. 3A).

Hippocampal microtubule—associated protein 1 light
chain 3 (LC3) and sequestosome 1 (P62) mRNA showed
an increasing trend in model mice, and the trend was

reversed in mice treated with high-dose PNS. The ratio
of LC3-II/1 protein in the hippocampi of model mice was
significantly low (P<0.01), and treatment with high- and
low-dose PNS considerably increased the LC3-II/I ratio
(P<0.01, compared with the model group; Fig. 3B-E).

PNS activates the PINKI/Parkin pathway in the hippocampi
of SAMP8 mice

The levels of PINK1, nuclear dot protein 52 (NDP52),
and optineurin (OPTN) mRNA in the hippocampi of
model mice were lower compared with those of mice in
the control group. However, the levels of OPTN, NDP52,
and Parkin mRNA in the hippocampi of mice treated
with high -dose PNS were significantly higher (P<0.01)
than those in model mice (Fig. 4A-D). Though there is
no significant difference between PINK1 mRNA levels
in the model group and the control group, a tendency
to increase PINK1 mRNA is also observed in high dose
PNS-treated mice. The abundance of PINK1 protein in
the hippocampi of model mice showed no significant dif-
ferences from that in the controls (P>0.05) but increased
in the PNS-Hd and PNS-Ld groups. Parkin protein levels
decreased in model mice compared with those in the con-
trols; it was noteworthy that treatment with high-dose
PNS significantly increased Parkin levels (P<0.05). The
abundance of NDP52 protein decreased significantly in



Yang et al. BMC Complementary Medicine and Therapies

E

LC3-11

(2024) 24:144

LC31 ;

Page 7 of 11

B-actin l -

i

PNS-Ld

B
a 4
=)
&
= 3
i
3. |
s E |
= 1
=
g o
N > 4 >
= & &@ . QV' g, <
Model C s & Q@é’& Qé% q§°
i g} 6 <
Q
-
St
<
)
&
P
=
R
5}
g
PNS-Hd
D
=
n
e
— S— Q
— oo
> ¥ > >
& had »
& N &
o &9

Fig. 3 Panax notoginseng saponins enhance the level of autophagy in hippocampi of SAMP8 demented mice. A Red arrows show transmission electron
micrographs of damaged mitochondria, yellow arrows show autophagosomes and blue arrows show autophagosomes containing damaged mito-
chondria. B-C LC3 mRNA and P62 mRNA expression in mouse hippocampus, n=9. D Western blot of autophagy-related protein LC3 in the mouse hip-
pocampus. E LC3-II/1 protein ratio in mouse hippocampus, n=5; %P < 0.05, °P< 0.01 compared with the control group, “P< 0.05, %P < 0.01 compared with

the model group

model mice compared with that in the controls (P<0.01),
and the level of OPTN protein exhibited a decreasing
trend (P>0.05); however, treatment with high- and low-
dose PNS induced a significant elevation in the levels of
NDP52 and OPTN proteins (P<0.05) (Fig. 4E-I). These
results indicated that the PINKI/Parkin pathway, which
regulates mitophagy, was activated in PNS-treated mice.

Discussion

PNS are the main active ingredients of P notoginseng,
which is responsible for preventing cell death caused
by neurotoxins such as AP. It alleviates neuronal dys-
function and has prophylactic and therapeutic effects in
neurodegenerative diseases [42]. In this study, PNS was
found to reduce oxidative stress in the brain of rapid
aging SAMP8 mice, more critically, PNS increased Parkin
and enhanced its recruitment to the mitophagic recep-
tors, and further increased mitophagy in the hippocampi.
These findings contribute novel evidence to enhance our
comprehension of the mechanism of action of PNS in the
treatment of AD, suggesting that modulating the mitoph-
agy in the centurial nerves system may serve as a key

mechanism underlying the therapeutic efficacy of PNS.
The study also provides a theoretical basis for the clinical
application of PNS formulations in age-related neurode-
generative diseases, such as AD.

Impaired mitochondrial function and insufficient cel-
lular energy supply in patients with AD promote ROS
formation, which initiates the peroxidation of mem-
brane lipids and results in excessive fragmentation of
mitochondria [43]. These ROS not only inflict damage
upon proteins, membrane lipids, and nucleic acids, but
also leads to disrupt cell signaling and prompt abnormal
activation of transcription factors, consequently leads to
the formation of AP plaques and neurofibrillary tangles
in the brains of patients with AD [14]. Therefore, thera-
peutic interventions aimed at enhancing mitochondrial
function and reducing oxidative stress can benefit AD
patients. PNS enhances resistance to oxidative stress and
thus alleviates Ap-mediated neurotoxicity in Caenorhab-
ditis elegans [27]. It also upregulates the expression of
uncoupling proteins to protect neurons in the brains of
AD mice to enhance mitochondrial defense against oxi-
dative stress [33]. In the present study, our results suggest
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P<0.05,9P < 0.01 compared with the model group

that PNS administration leads to an elevation in antioxi-
dant enzyme activity a reduction in peroxide production,
which suggesting a mitigating effect of PNS on oxidative
stress in mouse brain. These findings were consistent
with previous studies. Consequently, it can be posited
that the amelioration of oxidative damage in brain tissue
constitutes a significant mechanism through which PNS
improves cognitive performance in SAMP8 mice.
Autophagy is a biological process by which cells
clear damaged organelles and is regulated by a series
of autophagy-related genes (Atg) [44]. When it occurs,
Atgd protease shears at the carboxyl terminus of newly
synthesized LC3 to generate LC3-1, which subsequently
binds to phosphatidylethanolamine through a ubiquitin-
like reaction involving Atg3 and Atg7 to form lipidated
LC3-II and attaches to the autophagosomal membrane
surface [45]. Hence, LC3II is an early marker of intra-
cellular autophagic activity [46], and the LC3-II/I ratio
reflects the occurrence of cellular autophagy. In the pres-
ent study, both LC3 mRNA levels and LC3-II/I ratio
increased in PNS-treated mice, suggesting that PNS pro-
moted cellular autophagy. Based on the nutritional status,
autophagy was subdivided into nonselective autophagy

under starvation conditions and selective autophagy
under nutrient-rich conditions, such as mitophagy [47].
Mitophagy is essential for mitochondrial renewal and
maintenance of function under physiological conditions.
This process is highly activated in response to oxidative
stress, mitochondrial transmembrane potential collapse,
hypoxia, and iron starvation [48]. In cellular micromor-
phology, mitophagy is characterized by the presence of
a double layer of membrane-like structures surrounding
the mitochondria, or the tendency of the mitochondria
to be wrapped. This wrapping process relies on the inter-
action of LC3 with the mitochondrial receptor proteins
to promote bilayer formation, followed by autophago-
somes wrapping around the damaged mitochondria [49,
50]. The hippocampal cells of mice in the model SAMP8
group showed severe mitochondrial damage with no
autophagosomes. However, PNS treatment led to the
autophagic vesicles to wrap around the mitochondria in
hippocampus. Combined with elevated LC3 mRNA lev-
els and increased LC3-II/I ratio, these findings demon-
strate that treatment with PNS promotes the occurrence
of mitophagy in the hippocampus of SAMP8 mice with
dementia.
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The PINK1/Parkin pathway is an important pathway
that mediates mitophagy [51]. PINK1 is a protein kinase
that monitors mitochondria, whereas Parkin acts as a
ubiquitin-protein ligase that attaches ubiquitin chains
to faulty mitochondria as a degradation signal [52].
PINK1 and Parkin synergistically promote the autopha-
gic clearance of damaged mitochondria. PINKI is rap-
idly degraded in healthy mitochondria after entering the
inner mitochondrial membrane through the mitochon-
drial membrane complex. In damaged mitochondria,
PINK1 is located in the outer mitochondrial membrane,
where it recruits Parkin and promotes its phosphoryla-
tion. p-Parkin binds to the S65 site of the ubiquitin-like
domain to ubiquitinate various membrane proteins on
the mitochondrial surface, eventually promoting mitoph-
agy [53]. Mitophagy dysfunction is a key mechanism in
the cellular dysfunction and/or death in neurodegenera-
tive diseases [54]. PINK1/Parkin regulates the initiation
of mitophagy, which is crucial for mitochondrial quality
control, potential interventions centered around their
regulation of mitophagy are thought to offer new strate-
gies for the treatment of neurodegenerative diseases [55].
PINK1 and Parkin mRNA levels were downregulated in
the hippocampi of SAMP8 mice with dementia but were
highly upregulated in PNS-treated mice. Additionally, the
abundance of Parkin protein increased significantly, sug-
gesting that PNS may activate the PINK1/Parkin pathway
that regulates mitophagy. Autophagy receptor proteins
such as NDP52 and OPTN are located downstream of
the PINK1/Parkin and are recruited to the mitochondrial
surface by ubiquitinated membrane protein ubiquitin
chains that bind directly to LC3 through their LC3-inter-
action region. The binding facilitates the recruitment
of autophagosomes to the mitochondria to mediate the
autophagic clearance of damaged mitochondria [56,
57]. The response to Parkin recruitment of NDP52 and
OPTN further amplifies the PINK1-triggered mitochon-
drial autophagic signal [58, 59]. Our study demonstrated
the upregulation of NDP52 and OPTN mRNA in PNS-
treated mice and a concomitant increase in their protein
levels, suggesting that the significant increase in Parkin
levels leads to substantial recruitment of the autophagic
receptors NDP52 and OPTN, which is a sign of enhanced
mitophagy.

Overall, PNS enhanced hippocampal mitophagy and
attenuated oxidative stress in the brains of SAMP8 mice
with dementia, These results were consistent with our
previous findings of PNS enhancing mitophagy against
ApB-induced cellular damage in PC12 cells [39]. However,
this study is subject to several imitations. First, in order
to enhance the validity of our findings, it would be benefi-
cial to assess mitochondrial membrane potential, oxygen
consumption rate, oxidative phosphorylation, and ATP
generation, as these factors are indicative of improved
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mitochondrial function resulting from enhanced mitoph-
agy. Second, while the measurement of P62 at the gene
level was conducted in this study, it is crucial to also
determine its protein level in order to obtain a compre-
hensive understanding as an autophagy marker. Third,
our animal experiments lacked further blocking experi-
ments to fully validate the mitophagy promoting mech-
anism of PNS, and it is essential to carry out follow-up
studies to explore the above issues in vivo. Furthermore,
considering that the onset of senile dementia in SAMP8
mice is not identical to the pathological mechanism of
AD caused by A protein, it was speculated that the neu-
roprotective mechanism of PNS may not depend on the
type of neurotoxin; it may, however, protect neuronal
structure and function through autophagy-related mech-
anisms in neurodegenerative diseases. It is necessary to
validate the effects of PNS in other neurodegenerative
disease models with different pathologies to better eluci-
date the anti-dementia mechanism of PNS.

Conclusions

PNS improved the learning and memory capacities of
SAMP8 mice with dementia, cleared damaged mito-
chondria in the hippocampal, and attenuated oxidative
stress in the brain. These effects may be closely related
to enhancing mitophagy associated with the PINK1/
parkin pathway and promoting the recruitment of Par-
kin to amplify mitophagic signaling. This could be one
of its pathways for regulating mitochondrial homeostasis
to improve cognitive impairment in neurodegenerative
diseases.

Abbreviations

8-OHdG  8-hydroxy-2'-deoxyguanine

AB Amyloid-beta

AD Alzheimer's disease

ATG Autophagy related gene

ECL Enhanced chemiluminescence

FDA Food and Drug Administration
GSH-Px Glutathione peroxidase

GSH Glutathione

LC3 Microtubule-associated protein 1 light chain 3
MDA Malondialdehyde

MWM Morris water maze

NDP52 Nuclear dot protein 52

OPTN Optineurin

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PINK1 PTEN-induced putative kinase 1

PNS Panax notoginseng saponins

ROS Reactive oxygen species

RT-gPCR  Reverse transcription-polymerase chain reaction
SAM Senescence-accelerated mouse
SAMP Senescence-accelerated mouse prone
SAMR Senescence-resistant

SD Standard deviation

SOD Superoxide dismutase



Yang et al. BMC Complementary Medicine and Therapies

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512906-024-04403-7.

[ Supplementary Material 1: Supplement figures of western blotting ]

Acknowledgements

The author thanks Guangxi University of traditional Chinese Medicine and
Laboratory of TCM Neuro-metabolism and Immunopharmacology of Guangxi
Education Department, Guangxi University of traditional Chinese Medicine for
providing research facilities for this study.

Author contributions

XX directed and designed the study. LZM and WYJ performed the experiments
and the statistical analysis. CWY and YYY analyzed the experimental result and
drafted the manuscript. XX and LYQ corrected the manuscript. All authors read
and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82274394); Program for Top-notch Talents of Guangxi Traditional Chinese
Medicine (2022C007); Inheritance and Innovation team of Guangxi Traditional
Chinese Medicine (2022B005), and Guangxi First-class Discipline: Chinese
Materia Medica (Scientific Research of Guangxi Education Department [2022].
No. 1), Qihuang High-level Talent Team of Guangxi University of Chinese
Medicine (202405)

Data availability
The data used to support the findings of this study are available from the
corresponding author upon request.

Declarations

Ethics approval and consent to participate

This study did not include human participants. The study protocols were
conducted in accordance with ARRIVE guidelines 2.0 for reporting animal
research. The procedures for animal care and use have been approved by the
Ethics Committee of Guangxi University of Chinese Medicine (Certification
no. DW20190611-071). Animal care and procedures comply with the ethical
guidelines issued by the International Scientific Committee on Experimental
Animals (ICLAS).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 July 2023 / Accepted: 14 February 2024
Published online: 04 April 2024

References

1. 2022 Alzheimer's disease facts and figures. Alzheimers Dement.
2022;18:700-89.

2. Dubois B, Villain N, Frisoni GB, Rabinovici GD, Sabbagh M, Cappa S, et al. Clini-
cal diagnosis of Alzheimer's disease: recommendations of the international
working group. Lancet Neurol. 2021,20:484-96.

3. YuTW, Lane HY, Lin CH. Novel therapeutic approaches for Alzheimer's dis-
ease: an updated review. Int J Med Sci. 2021;22:8208.

4. Blanco-Silvente L, Capella D, Garre-Olmo J, Vilalta-Franch J, Castells X. Predic-
tors of discontinuation, efficacy, and safety of memantine treatment for
Alzheimer's disease: meta-analysis and meta-regression of 18 randomized
clinical trials involving 5004 patients. BMC Geriatr. 2018;18:168.

5. Blanco-Silvente L, Castells X, Saez M, Barceld MA, Garre-Olmo J, Vilalta-Franch
J, etal. Discontinuation, efficacy, and safety of cholinesterase inhibitors for
Alzheimer’s disease: a meta-analysis and meta-regression of 43 randomized
clinical trials enrolling 16 106 patients. Int J Neuropsychoph. 2017,20:519-28.

(2024) 24:144

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 10 of 11

Li P, Feng D, Yang D, Li X, Sun J,Wang G, et al. Protective effects of anthocya-
nins on neurodegenerative diseases. Trends Food Sci Tec. 2021;117:205-17.
lonescu-Tucker A, Cotman CW. Emerging roles of oxidative stress in brain
aging and Alzheimer’s disease. Neurobiol Aging. 2021;107:86-95.

Zhang Z,Yang X, Song Y-Q, Tu J. Autophagy in Alzheimer’s disease patho-
genesis: therapeutic potential and future perspectives. Ageing Res Rev.
2021;72:101464.

Sharma C, Kim S, Nam Y, Jung UJ, Kim SR. Mitochondrial dysfunction as

a driver of cognitive impairment in Alzheimer’s disease. Int J Mol Sci.
2021;22:4850.

Wang W, Zhao F, Ma X, Perry G, Zhu X. Mitochondria dysfunction in the
pathogenesis of Alzheimer's disease: recent advances. Mol Neurodegener.
2020;15:30.

Liu H,Huang H, Li R, Bi W, Feng L. Mitophagy protects SH-SY5Y neuroblas-
toma cells against the TNFa-induced inflammatory injury: involvement of
microRNA-145 and Bnip3. Biomed Pharmacother. 2019;109:957-68.

Lou G, Palikaras K, Lautrup S, Scheibye-Knudsen M, Tavernarakis N, Fang EF.
Mitophagy and neuroprotection. Trends Mol Med. 2020;26:8-20.

Chao H, Lin C, Zuo Q, Liu Y, Xiao M, Xu X, et al. Cardiolipin-dependent mitoph-
agy guides outcome after traumatic brain injury. J Neurosci. 2019;39:1930-43.
Pradeepkiran JA, Reddy PH. Defective mitophagy in Alzheimer’s disease. Age-
ing Res Rev. 2020;,64:101191.

Harper JW, Ordureau A, Heo J-M. Building and decoding ubiquitin chains for
mitophagy. Nat Rev Mol Cell Biol. 2018;19:93-108.

Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular signals of
PINK1/Parkin mitophagy. Trends Cell Biol. 2016;26:733-44.

Wu X, Li X, LiuY, Yuan N, Li C, Kang Z, et al. Hydrogen exerts neuroprotec-
tive effects on OGD/R damaged neurons in rat hippocampal by protecting
mitochondrial function via regulating mitophagy mediated by PINK1/Parkin
signaling pathway. Brain Res. 2018;1698:89-98.

SunT,Wang P, Deng T, Tao X, Li B, Xu Y. Effect of Panax notoginseng saponins
on focal cerebral ischemia-reperfusion in rat models: a meta-analysis. Front
Pharmacol. 2020;11:572304.

Liu B, LiY,HanY,Wang S, Yang H, Zhao Y, et al. Notoginsenoside R1 intervenes
degradation and redistribution of tight junctions to ameliorate blood-brain
barrier permeability by Caveolin-1/MMP2/9 pathway after acute ischemic
stroke. Phytomedicine. 2021;90:153660.

Zeng XS, Zhou XS, Luo FC, Jia JJ, Qi L, Yang ZX, et al. Comparative analysis

of the neuroprotective effects of ginsenosides Rg1 and Rb1 extracted from
Panax notoginseng against cerebral ischemia. Can J Physiol Pharmacol.
2014;92:102-8.

Xu D, Huang P, Yu Z, Xing DH, Ouyang S, Xing G. Efficacy and safety of Panax
notoginseng saponin therapy for acute intracerebral hemorrhage, meta-
analysis, and mini review of potential mechanisms of action. Front Neurol.
2014;,5:274.

Dai L, Zhang Y, Jiang Y, Chen K. Panax notoginseng preparation plus aspirin
versus aspirin alone on platelet aggregation and coagulation in patients with
coronary heart disease or ischemic stroke: a meta-analysis of randomized
controlled trials. Front Pharmacol. 2022;13:1015048.

Wang LD, Xu ZM, Liang X, Qiu WR, Liu SJ, Dai LL, et al. Systematic review and
meta-analysis on randomized controlled trials on efficacy and safety of Panax
notoginseng saponins in treatment of acute ischemic stroke. Evid Based
Complement Alternat Med. 2021;2021:4694076.

Chen XJ, Qiu JF, Wang YT, Wan JB. Discrimination of three Panax species
based on differences in volatile organic compounds using a static headspace
GC-MS-based metabolomics approach. Am J Chin Med. 2016;44:663-76.
Huang J, Wu D,Wang J, Li F, Lu L, Gao Y, et al. Effects of Panax notoginseng
saponin on q, 3, and y secretase involved in AR deposition in SAMP8 mice.
NeuroReport. 2014;25:89-93.

Huang Y, Guo B, Shi B, Gao Q, Zhou Q. Chinese herbal medicine xuesh-
uantong enhances cerebral blood flow and improves neural functions in
Alzheimer’s disease mice. J Alzheimers Dis. 2018;63:1089-107.

Zhou L, Huang PP, Chen LL, Wang P. Panax notoginseng saponins ameliorate
AB-mediated neurotoxicity in C. Elegans through antioxidant activities. Evid
Based Complement Alternat Med. 2019,2019:7621043.

Zhou N, Tang Y, Keep RF, Ma X, Xiang J. Antioxidative effects of Panax
notoginseng saponins in brain cells. Phytomedicine. 2014;21:1189-95.
Huang JL, Xu ZH, Yang SM, Yu C, Zhang F, Qin MC, et al. Identification of dif-
ferentially expressed profiles of Alzheimer's disease associated circular RNAs
in a Panax notoginseng saponins-treated Alzheimer’s disease mouse model.
Comput Struct Biotechnol J. 2018;16:523-31.


https://doi.org/10.1186/s12906-024-04403-7
https://doi.org/10.1186/s12906-024-04403-7

Yang et al. BMC Complementary Medicine and Therapies

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

Nomura Y, Wang BX, Qi SB, Namba T, Kaneko S. Biochemical changes related
to aging in the senescence-accelerated mouse. Exp Gerontol. 1989,24:49-55.
Liu B, Liu J, Shi JS. SAMP8 mice as a model of age-related cognition decline
with underlying mechanisms in Alzheimer's disease. JAD. 2020;75:385-95.
Vasilopoulou F, Bellver-Sanchis A, Companys-Alemany J, Jarne-Ferrer J, Irisarri
A, Palomera-Avalos V, et al. Cognitive decline and BPSD are concomitant with
autophagic and synaptic deficits associated with g9a alterations in aged
SAMP8 mice. Cells. 2022;11:2603.

Huang JL, Jing X, Tian X, Qin MC, Xu ZH, Wu DP, et al. Neuroprotective proper-
ties of Panax notoginseng saponins via preventing oxidative stress injury in
SAMP8 mice. Evid Based Complement Alternat Med. 2017,2017:8713561.
Yang ZP, Bao YM. Research progress on regulation effect of Panax
notoginseng saponins on mitochondria. Zhongguo Zhong Yao Za Zhi.
2017;42:870-4.

Liu XW, Lu MK, Zhong HT, Wang LH, Fu YP. Panax notoginseng saponins
attenuate myocardial ischemia-reperfusion injury through the HIF-1a/BNIP3
pathway of autophagy. J Cardiovasc Pharmacol. 2019;73:92-9.

Liang X, Yang Y, Huang Z, Zhou J, Li Y, Zhong X. Panax notoginseng saponins
mitigate cisplatin induced nephrotoxicity by inducing mitophagy via HIF-1a.
Oncotarget. 2017;8:102989-3003.

Xiao Q, Kang Z, Liu C, Tang B. Panax notoginseng saponins attenuate cerebral
ischemia-reperfusion injury via mitophagy-induced inhibition of NLRP3
inflammasome in rats. Front Biosci (Landmark Ed). 2022;27:300.

Zhou P, Xie W, Meng X, Zhai Y, Dong X, Zhang X, et al. Notoginsenoside R1
ameliorates diabetic retinopathy through PINK1-dependent activation of
mitophagy. Cells. 2019;8:213.

Jiang Y, Li H, Huang P, Li S, Li B, Huo L, et al. Panax notoginseng saponins
protect PC12 cells against AR induced injury via promoting parkin-mediated
mitophagy. J Ethnopharmacol. 2022,285:114859.

ChibaY, Shimada A, Kumagai N, Yoshikawa K, Ishii S, Furukawa A, et al. The
senescence-accelerated mouse (SAM): a higher oxidative stress and age-
dependent degenerative diseases model. Neurochem Res. 2009;34:679-87.
Huang H-J, Chen J-L, Liao J-F, Chen Y-H, Chieu M-W, Ke Y-Y, et al. Lactobacillus
plantarum PS128 prevents cognitive dysfunction in Alzheimer's disease mice
by modulating propionic acid levels, glycogen synthase kinase 3 beta activ-
ity, and gliosis. BMC Complement Med Ther. 2021;21:259.

Rajabian A, Rameshrad M, Hosseinzadeh H. Therapeutic potential of Panax
ginseng and its constituents, ginsenosides and gintonin, in neurological

and neurodegenerative disorders: a patent review. Expert Opin Ther Pat.
2019;29:55-72.

Zhang L, Dai L, Li D. Mitophagy in neurological disorders. J Neuroinflamma-
tion. 2021;18:297.

Kang S, Shin KD, Kim JH, Chung T. Autophagy-related (ATG) 11, ATG9 and the
phosphatidylinositol 3-kinase control ATG2-mediated formation of autopha-
gosomes in Arabidopsis. Plant Cell Rep. 2018,37:653-64.

(2024) 24:144

Page 11 of 11

45. Heckmann BL, Green DR. LC3-associated phagocytosis at a glance. J Cell Sci.
2019;132:jcs222984.

46.  LiuWJ, GanY, Huang WF, Wu HL, Zhang XQ, Zheng HJ, et al. Lysosome
restoration to activate podocyte autophagy: a new therapeutic strategy for
diabetic kidney disease. Cell Death Dis. 2019;10:806.

47. Martens S, Behrends C. Molecular mechanisms of selective autophagy. J Mol
Biol. 2020;432:1-2.

48.  Chen G, Kroemer G, Kepp O. Mitophagy: an emerging role in aging and age-
associated diseases. Front Cell Dev Biol. 2020;8:200.

49.  Onishi M, Yamano K, Sato M, Matsuda N, Okamoto K. Molecular mechanisms
and physiological functions of mitophagy. EMBO J. 2021,40:e104705.

50. Panigrahi DP, Praharaj PP, Bhol CS, Mahapatra KK, Patra S, Behera BP, et al. The
emerging, multifaceted role of mitophagy in cancer and cancer therapeutics.
Semin Cancer Biol. 2020;66:45-58.

51. MaH, Guo Z Gai C, Cheng C, Zhang J, Zhang Y, et al. Protective effects of Buy-
ingianzheng formula on mitochondrial morphology by PINK1/Parkin path-
way in SH-SY5Y cells induced by MPP+. J Tradit Chin Med Sci. 2020;7:274-82.

52. Tanaka K. The PINK1-Parkin axis: an overview. Neurosci Res. 2020;159:9-15.

53. Quinn PMJ, Moreira Pl, Ambrésio AF, Alves CH. PINK1/PARKIN signalling
in neurodegeneration and neuroinflammation. Acta Neuropathol Com.
2020;8:189.

54.  Olagunju AS, Ahammad F, Alagbe AA, Otenaike TA, Teibo JO, Mohammad F,
et al. Mitochondrial dysfunction: a notable contributor to the progression of
Alzheimer’s and Parkinson's disease. Heliyon. 2023;9:e14387.

55. LiJ,Yang D, Li Z, Zhao M, Wang D, Sun Z, et al. PINK1/Parkin-mediated
mitophagy in neurodegenerative diseases. Ageing Res Rev. 2023;84:101817.

56.  Gatica D, Lahiri V, Klionsky DJ. Cargo recognition and degradation by selec-
tive autophagy. Nat Cell Biol. 2018;20:233-42.

57. Palikaras K, Lionaki E, Tavernarakis N. Mechanisms of mitophagy in cellular
homeostasis, physiology and pathology. Nat Cell Biol. 2018;20:1013-22.

58. Padman BS, Nguyen TN, Uoselis L, Skulsuppaisarn M, Nguyen LK, Lazarou M.
LC3/GABARAPs drive ubiquitin-independent recruitment of optineurin and
NDP52 to amplify mitophagy. Nat Commun. 2019;10:408.

59. Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL, et al. The ubiqui-
tin kinase PINK1 recruits autophagy receptors to induce mitophagy. Nature.
2015;524:309-14.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿﻿Panax notoginseng﻿ saponins prevent dementia and oxidative stress in brains of SAMP8 mice by enhancing mitophagy
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Preparation of ﻿P. notoginseng﻿ saponins
	﻿Animals and treatment
	﻿MWM test
	﻿Determination of glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) levels
	﻿Determination of 8-hydroxydeoxyguanosine (8-OHDG) levels
	﻿Transmission electron microscopy
	﻿Reverse transcription–polymerase chain reaction (RT-qPCR)
	﻿Western blotting
	﻿Statistical analysis

	﻿Results
	﻿PNS improves learning memory in SAMP8 dementia model mice
	﻿PNS attenuates oxidative stress in the brain of SAMP8 mice
	﻿PNS enhances autophagy in the hippocampi of SAMP8 mice
	﻿PNS activates the PINKI/Parkin pathway in the hippocampi of SAMP8 mice

	﻿Discussion
	﻿Conclusions
	﻿References


