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by enhancing autophagy and reducing apoptosis and
inflammation through the AMPK/mTOR pathway
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Abstract

Background. As a flavonoid compound, schaftoside (SS) possesses a wide range of pharmaceutical ac-
tivities. Nonetheless, it is unclear whether SS has a neuroprotective effect in cerebral ischemia-reperfusion
injury (CI/RI).

Objectives. To examine the neuroprotective effect of SSin CI/RI and explore the underlying mechanism.

Materials and methods. An in vivo middle cerebral artery occlusion (MCAQ) was used to simulate CI/RI
in rats. Oxygen glucose deprivation/reperfusion (0GD/R) of HT22 cells was used to establish a cellular model
of CI/Rlin vitro. Pathological changes were evaluated with hematoxylin and eosin (H&E) staining, apoptosis
was measured using terminal deoxynucleotidy! transferase dUTP nick end labeling (TUNEL) staining and flow
cytometry, and inflammatory factors were assessed using enzyme-linked immunosorbent assay (ELISA).
Protein expression was detected using western blot or immunofluorescence.

Results. Our results indicated that SS attenuated CI/RI by improving neurologic deficits and reducing brain
edema. Moreover, SS treatment blocked apoptosis and inflammation and enhanced autophagy in MCAO
rats. Schaftoside was found to amplify the activation of adenosine monophosphate-activated protein kinase
(AMPK)/mammalian target of rapamycin (mTOR) pathway induced by MCAQ. Similarly, S pretreatment
increased cell viability and autophagy, and reduced apoptosis and inflammation in 0GD/R-induced HT22 cells.
The OGD/R enlarges the p-AMPK/AMPK ratio while restricting the p-mTOR/mTOR ratio, and it was found
that SS further enhanced the effect of 0GD/R on the AMPK/mIOR pathway. Rapamycin promoted the effect
of SS on 0GD/R-induced HT22 cells, while compound C produced the opposite results. Mechanistically, SS
promoted autophagy and reduced apoptosis and inflammation through the requlation of the AMPK/mTOR
signaling pathway.

Conclusions. The obtained results showed that S protected against CI/RI through an autophagy-mediated
AMPK/mTOR pathway when accessed in vitro and in vivo.
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1344

Background

Stroke is a central nervous system disease resulting
from an acute cerebral blood circulation disorder caused
by stenosis, occlusion or rupture of internal cerebral ar-
teries.? Based on the pathogeny, strokes are divided into
ischemic or hemorrhagic, in which ischemic strokes ac-
count for about 80% of total strokes.®> The 2019 Global
Stroke Statistics reported that the incidence of strokes was
ranked first in China.* So far, there are no desirable drugs
or strategies for the treatment of ischemic stroke. Cur-
rent stroke treatment strategies include drug thromboly-
sis, mechanical thrombolysis, intravascular surgery, and
the use of neuroprotective agents.>¢ So far, recombinant
tissue plasminogen activators (rtPAs), such as alteplase
and reteplase, are the only drugs approved by the Food
and Drug Administration (FDA) for the treatment of isch-
emic stroke.” However, due to the narrow treatment time
window (3—4.5 h) of rtPAs and their serious adverse reac-
tions, especially on the brain tissue injury caused by re-
canalization after thrombolysis by inducing a cerebral
ischemia-reperfusion injury (CI/RI), the clinical applica-
tion of rtPAs is limited.® The CI/Rlis considered to be cell
damage caused by cerebral ischemia. When blood supply
is restored, the oxygen supply is enhanced and the damage
to brain cells is exacerbated, resulting in further deteriora-
tion caused by the disease.” In addition, the study revealed
that the ventromedial prefrontal cortex (vmPFC) is in-
volved in the acquisition of emotional conditioning (i.e.,
learning), and assessed how naturally occurring bilateral
lesion centered in the vmPFC compromises the genera-
tion of a conditioned psychophysiological response dur-
ing the acquisition of threat conditioning (i.e., emotional
learning).1%!! A recent study focused on the cognitive
symptoms (i.e., dysfunction in attention and emotion
perception) in neurologic and brain-damaged patients,
and highlighted the role of specific dysfunctional brain
regions, such as the amygdala and superior temporal sulcus
(STS), in the recognition and identification of nonverbal
communicative signals of emotion.!? The pathogenesis
of neuronal damage and impairment of brain areas af-
ter stroke involves an interaction of multiple factors and
pathways. Therefore, studying the pathogenesis of CI/RI
is conducive to developing safe and effective drugs aimed
at treating ischemic stroke.

It has been confirmed that CI/RI induces nerve cell in-
flammation and apoptosis or autophagy that results in neu-
rological dysfunction.!3-1¢ Autophagy is an important stress
response pathway of lysosomal degradation.!” Some studies
have shown that autophagy possesses a neuroprotective
effect in CI/RL.!%!° Melatonin can improve CI/RI in dia-
betic mice, and the underlying mechanism involves au-
tophagy enhancement mediated by SIRT1/BMALL sig-
naling.2’ Apoptosis is a kind of programmed cell death.
Moreover, autophagy could block the induction of apop-
tosis and reduce cell damage.?' Astragaloside IV has been

L. Zhang, M. Wu, Z. Chen. Schaftoside improved CI/RI

shown to protect against CI/RI through reducing apoptosis
by promoting autophagy.?? It has been reported that in-
flammation is enhanced in neurodegenerative diseases.?®
Studies have shown that inhibiting neuroinflammation
is considered an important strategy for the prevention
of CI/R1.2*?> Hence, nerve cell apoptosis, inflammation
and autophagy were analyzed in CI/RI in this paper.

Traditional Chinese medicine possesses numerous
medicinal animal and plant resources.?® Screening anti-
CI/RI drugs derived from traditional Chinese medicine
have the advantages of low toxicity and few side effects.?”8
Schaftoside (SS) is a flavonoid found in a variety of Chinese
herbal medicines, such as Eleusine indica.?® Currently, SS
has a wide range of pharmacological activities, includ-
ing anti-inflammatory, antiviral and antioxidant proper-
ties, and the regulation of autophagy.® Polyphenols such
as resveratrol can potentially lead to autophagy in many
diseases.?" It has been reported that the treatment with
SS in a-melanocyte-stimulating hormone (a-MSH)-treated
cells reduced the expression of tyrosinase and tyrosinase-
related protein 1 (TRP1), and activated autophagy.>’ How-
ever, the effects of SS on CI/RI are still unclear.

In this paper, middle cerebral artery occlusion (MCAO)
was used to simulate CI/RI in rats in vivo. Oxygen glucose
deprivation/reperfusion (OGD/R) of HT22 cells was used
to establish a cellular model of CI/RI in vitro. Subsequently,
whether SS could alleviate a CI/RI was explored in vivo and
in vitro. Moreover, the effects of SS on neuronal apoptosis,
inflammation and autophagy were explored. Our results
showed that SS activates the adenosine monophosphate-
activated protein kinase (AMPK)/mammalian target of ra-
pamycin (mTOR) pathway, thereby reducing apoptosis and
inflammation and inducing autophagy, thus improving
a CI/RL

Objectives

We aimed to explore whether SS could alleviate CI/RI
by reducing apoptosis and inflammation and inducing
autophagy through the activation of the AMPK/mTOR
pathway.

Materials and methods
Animal experiments

Male Sprague Dawley rats (200 g, n = 50) were ob-
tained from the Shanghai Experimental Animal Co.,
Ltd. (Shanghai, China). All rats were placed in the same
animal feeding facility (room temperature 18—-26°C, rela-
tive humidity 40-70%, ventilation 8—12 times per hour,
and light/dark cycles alternating every 12 h). As shown
in Table 1, the rats were randomly divided into 5 groups
(n = 10 in each group): 1) sham operation group (sham
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Table 1. The full scheme of animal experiment
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Sham (n = 10)
Control (n=10)

ig. physiological saline

ig. physiological saline

SS-L(n=10) ig. 50 mg/kg SS
SS-M (n =10) ig. 100 mg/kg SS
SS-H(nh=10) ig. 150 mg/kg SS

Time [h]
2
Sham ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium

SS - schaftoside; SS-L - SS low-dose group; SS-M - SS medium-dose group; SS-H - SS high-dose group; MCAO — middle cerebral artery occlusion;

ig. — intragastrically; ip. — intraperitoneally.

group) — rats were treated by gavage with the same volume
of physiological saline 1 h before modeling; 2) MCAO
group — 1 h before modeling the same volume of physi-
ological saline was given by gavage; 3) SS low-dose group
(SS-L group) — 1 h before modeling the rats were treated
with 50 mg/kg SS by gavage; 4) SS medium-dose group
(SS-M group) — 1 h before modeling the rats were treated
with 100 mg/kg of SS by gavage; 5) SS high-dose group
(SS-H group) — 1 h before modeling the rats were treated
with 150 mg/kg of SS by gavage.3? Except for the sham
group, MCAO was performed. The rats were anesthe-
tized by intraperitoneal (ip.) injections of 10% chloral
hydrate (35 mg/kg), and then the left common carotid
artery (CCA), external carotid artery (ECA) and internal
carotid artery (ICA) were separated. Wires were hung
at the distal end and proximal end of the CCA and ECA for
standby. The ICA was temporarily clamped with an arte-
rial clamp, and the proximal CCA and ECA were ligated.
Then, we cut a small opening in the ECA 4 mm away from
the bifurcation of the CCA. A nylon suture was inserted
from the ECA to ICA and gently fastened to a wire that
was wound around the distal end of the CCA. The nylon
suture was gently pushed with tweezers until an insertion
depth of 18 mm was reached and slight resistance was
met. The nylon suture was firmly fastened to the wire
at the distal end of the CCA. One hour after the emboliza-
tion, the nylon suture was pulled out ligating the ECA and
opening the ICA and CCA. In the sham operation group,
a nylon suture was inserted at 5 mm depth to simulate
the above procedure. The animal experiments were per-
formed in accordance with the Guidelines for the Care and
Use of Laboratory Animals and approved by the Animal
Ethics Committee in Affiliated Hospital of Nanjing Uni-
versity of Traditional Chinese Medicine, Nanjing, China
(approval No. 2021 DW-09-02)

Neurological evaluation

After 24 h of modeling, a neurological evaluation
of the rats in each group was performed; the examiner
was blinded according to the Bederson’s method.3*
The rats were suspended 1 m above the ground by gently
holding their tails, and the bending of their forelimbs
was observed. Rats with forelimbs bilaterally extended

to the floor and no other neurological defects were given
a score of 0. Rats with any amount of consistent forelimb
flexion and no other abnormality received a score of 1.
The rats were then placed on a large sheet of soft plas-
tic paper which they held onto tightly with their claws.
The tail of each rat was held and a slight lateral pressure
was applied from behind the rat’s shoulder until the fore-
limb slid a few inches. This was repeated several times
in each direction. Normal or slightly dysfunctional rats
had equal sliding resistance in both directions. However,
severely dysfunctional rats had a consistently reduced
resistance to the lateral push toward the paretic side and
received a score of 2. Next, the rats were allowed to move
freely and their circling behavior was observed. Rats that
circled to the paralytic side received a score of 3. These
experiments were repeated 3 times.

Hematoxylin and eosin staining

After 24 h of modeling, the rats were euthanized
by an injection of excessive anesthetic, and their hippo-
campal tissue was stripped. The hippocampal tissue was
fixed using 10% paraformaldehyde for 24 h, dehydrated
with increasing gradients of ethanol (50%, 70%, 85%, 95%,
100%), cleared with xylene for 2 h, embedded in paraffin,
and 4-um sections were obtained. The sections were then
soaked in 100%, 95%, 85%, and 75% ethanol solutions for
5 min each, washed with distilled water for 5 min, stained
with 2% hematoxylin for 5 min, stained with 0.5% eosin for
2 min, washed with distilled water for 30 s, soaked in 80%
ethanol for 30 s, soaked in 95% ethanol for 2 min, soaked
in absolute ethanol for 3 min, cleared for 3 min using xy-
lene, and then sealed with neutral resin. The hippocampal
tissue sections were observed using an light microscope
(model BX41; Olympus Corp., Tokyo, Japan). Each experi-
ment was repeated 3 times.

TUNEL staining

After dewaxing, the sections were treated in an oven
at 65°C for 30 min, soaked in xylene for 10 min, and then
soaked in decreasing gradients of ethanol (100%, 95%, 90%,
80%, 70%) for 3 min. The sections were treated with protease
K for 30 min and then with 3% H,O, for 10 min at room
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temperature in the dark. After cleaning with phosphate-
buffered saline (PBS) for 5 min, sections were incubated
in a terminal deoxynucleotidyl transferase (TdT) enzyme
buffer for 5 min and then placed in a wet box of TdT reaction
solution at 37°C for 1 h. The reaction was then terminated
using a termination reaction buffer. The 3,3-diaminobenzi-
dine (DAB) was used for visualization at room temperature
for 10 min. The sections were then counterstained with
hematoxylin at room temperature. The number of termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells (brownish yellow) was measured
using an light microscope (BX41; Olympus Corp.). The ex-
periment was repeated 3 times.

Brain water content

At 24 h after reperfusion, the brains of the rats were col-
lected after euthanasia and immediately weighed to obtain
the wet weight. The brains were then put in an oven (100°C)
for 72 h and weighed to obtain the dry weight. The brain
water content was calculated using the following formula:
(wet weight-dry weight)/wet weight x 100%. The experi-
ment was repeated 3 times.

Immunofluorescence

The sections were heated at 65°C for 30 min in a mi-
crowave oven, dehydrated with xylene and ethanol, and
then antigen repairing was performed using a microwave.
After blocking with bovine serum albumin (BSA), LC3 and
p62, antibodies were added to the sections and incubated
overnight at 4°C. After rinsing, fluorescent-labeled second-
ary antibodies were added, 4',6-diamidino-2-phenylindole
(DAPI) was added to stain the nucleus, and an anti-fluo-
rescence quenching agent was added to seal the sections.
The results were observed using a Leica TCS SP5 micro-
scope (Leica Microsystems, Wetzlar, Germany). The ex-
periment was repeated 3 times.

The cells were fixed with 4% paraformaldehyde for
15 min, then pretreated with 0.5% Triton X-100 at room
temperature for 20 min, sealed with goat serum for 30 min
at room temperature, incubated overnight with the cor-
responding primary antibody in a wet box at 4°C, and in-
cubated with the corresponding secondary antibody for
1 hin the dark at room temperature. Nuclear counterstain-
ing was performed by incubating the sections with DAPI
in the dark for 5 min. The sections were then sealed with
an anti-fluorescence quenching agent, and the results were
observed using a Leica TCS SP5 microscope (Leica Micro-
systems). The experiment was repeated 3 times.

Western blot

Hippocampal tissues and cells were lysed using radio-
immunoprecipitation assay (RIPA) lysate containing phe-
nylmethylsulfonyl fluoride (PMSF; Beyotime, Shanghai,
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China), and proteins were obtained by centrifugation
at 12,000 g for 15 min at 4°C. The protein content was
identified using a BCA detection kit (Beyotime). For each
group, 30 pg of protein were separated on a 10% sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) background and then blotted onto a polyvinyli-
dene difluoride (PVDF) membrane. The membranes were
blocked for 1 h using 5% skimmed milk powder at room
temperature and then incubated with the corresponding
primary antibody overnight at 4°C. Then, the membranes
were incubated with the corresponding secondary anti-
body for 2 h at room temperature. ImageJ software (Na-
tional Institutes of Health, Bethesda, USA; https://imagej.
nih.gov/ij/download.html) was used to quantify the protein
bands, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The experiment
was repeated 3 times.

Cell culture and group

Mouse hippocampal neuron cell line HT22 cells were
obtained from the China Center for Type Culture Col-
lection at Wuhan University, Wuhan, China. The HT22
cells were cultured in a Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal bovine serum (FBS)
and 5% CO, in an incubator at 37°C. The HT22 cells
were then inoculated into 24-well plates at a concentra-
tion of 1 x 10°/mL. The cells were randomly divided into
a control group, OGD/R group, SS-L group, SS-M group,
and SS-H group. The cells were pretreated with SS (at con-
centrations of 0.1 pM, 0.5 uM and 1 uM)* for 24 h before
OGD/R. After 24 h of culturing, the cells in the OGD/R
group and SS treatment groups were cultured in DMEM
without glucose in a medium containing 95% N,/5% CO,
at 37°C. After 4 h, the cells were again incubated in DMEM
with glucose and returned to the conditions of 95% air/5%
CO, for 24 h at 37°C. The cells in the control group were
incubated in the culture conditions as described above.

CCK-8

The cells were inoculated into the 96-well plates using
a concentration of 8 x 10*/mL. After culturing for 24 h,
the medium was discarded and 110 pL of complete me-
dium containing 10% Cell Counting Kit-8 (CCK-8) (Beyo-
time) were added to each well. The cells were incubated
for 2 h at 37°C. Next, the absorbance value at 450 nm was
measured using a microplate reader (Bio-Rad, Hercules,
USA). The experiment was repeated 3 times.

Flow cytometry

The cells were collected and fixed overnight at 4°C using
precooled 75% ethanol. The ethanol was then removed
by centrifugation (1000 rpm, 5 min), and the cells were
washed 3 times using PBS. The cells were then mixed with
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5 uL of Annexin V/FITC and 10 pL of propidium iodide
solution (20 pug/mL), and the degree of apoptosis was mea-
sured using a BD FACSCalibur™ Flow Cytometer (BD
Biosciences, Franklin Lakes, USA) within 1 h of adding
the mixture. The experiment was repeated 3 times.

ELISA

After adjusting the cell concentration to 8 x 10*/mL,
the cells were inoculated onto 96-well plates and cultured
at 37°C for 24 h in a 5% CO, incubator. After the treatment
of the cell as previously described, the cell supernatant was
collected using centrifugation at 5000 rpm for 10 min.
The amount of interleukin (IL)-1p, tumor necrosis factor
alpha (TNF-a) and IL-6 was measured according to the in-
structions of the corresponding kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The experiment
was repeated 3 times.

The animal serum was separated using centrifugation
at 3000 rpm for 10 min. The amount of IL-13, TNF-a and
IL-6 in the serum of each group was detected according
to the instructions to the corresponding kit. The experi-
ment was repeated 3 times.

Statistical analyses

The data from each group were analyzed statistically
using GraphPad Prism v. 5.0 (GraphPad Software, San
Diego, USA). The measurement data were reported
as the mean + standard deviation (x +SD). The normal-
ity of the distribution was tested using the Shapiro—Wilk
test. Since all the distributions were normal, the Brown—
Forsythe test was used to establish the equality of vari-
ances, and then significant differences between multiple
groups were analyzed using a one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. When the test
standard had a value of p < 0.05, the difference was con-
sidered statistically significant. The results of the assump-
tions of the verifying tests and the results of the analyses
are presented in the Supplementary Table (https://doi.
org/10.5281/zenodo.6838287).

Results

SS treatment alleviated CI/RI and reduced
apoptosis and inflammation in MCAO rats

The ability of SS to alleviate CI/RI was investigated
in rats. The results of hematoxylin and eosin (H&E) stain-
ing showed that compared to the sham group, the MCAO
group exhibited obvious interstitial edema, brain tissue
structure disorder, partial cell necrosis, and increased in-
flammatory cell infiltration (Fig. 1A). However, compared
to the MCAO group, the degree of brain tissue necrosis
was reduced, cell structure was maintained, interstitial
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edema was mild, and inflammation was reduced in the SS
treatment groups, and the improvement effect was dose-
dependent (Fig. 1A). Compared to the sham group,
the neurological score of the MCAO group significantly
increased (p < 0.05; Fig. 1B). However, the treatment with
SS effectively alleviated the MCAO-induced neurological
deficit observed in the rats (p < 0.05; Fig. 1B). The brain
edema seen in the MCAO group was more serious than
in the sham group (p < 0.05), and the administration of SS
significantly reduced the brain edema observed in MCAO
rats (p < 0.05; Fig. 1C). The effects of SS on apoptosis and
inflammation were explored in MCAO rats. The results
of the TUNEL assay indicated that MCAO increased
the number of apoptosis-positive cells in the hippocam-
pus, and SS inhibited the MCAO-induced apoptosis
(Fig. 1D). The results of the enzyme-linked immunosor-
bent assay (ELISA) assay showed that MCAO upregulated
the amount of the inflammatory factors IL-1B, TNF-«
and IL-6 in rat serum (p < 0.05). The treatment using SS
reduced the levels of the inflammatory factors (p < 0.05,
Fig. 1E,G). Therefore, SS treatment protected against
CI/RI in MCAQO rats.

SS enhanced autophagy and regulated
the AMPK/mTOR pathway in MCAO rats

To evaluate the role of SS in the regulation of autophagy
during CI/RI, the expression of autophagy markers LC3
and p62 was detected with immunofluorescence staining
and western blot. The expression of LC3 in the hippocam-
pus was increased by the MCAO, while the expression
of p62 was decreased (Fig. 2A). The expression of LC3 was
further enhanced and the expression of p62 was further
decreased after SS treatment (Fig. 2A). In addition, MCAO
also increased the LC3II/LC3I ratio and decreased p62
levels (p < 0.05). Similarly, the administration of SS further
promoted the effects of the MCAO on the LC3II/LC3I ratio
and the expression of p62 (p < 0.05, Fig. 2B—D). The AMPK/
mTOR pathway plays an important role in the regulation
of CI/RI.% Next, the regulatory effects of SS on the AMPK/
mTOR pathway were assessed in the MCAO rats. Mid-
dle cerebral artery occlusion stimulated an increase
in the p-AMPK/AMPK ratio and decreased the p-mTOR/
mTOR ratio (p < 0.05, Fig. 2B,E,F). The above effects
were significantly increased by SS treatment (p < 0.05,
Fig. 2B,E,F). Therefore, SS enhanced autophagy and regu-
lated the AMPK/mTOR pathway in MCAO rats.

SS attenuated OGD/R-induced
HT22 cell injury

The effects of SS on OGD/R-induced HT22 injury were
explored. Schaftoside (<1 uM) was not cytotoxic to HT22
cells (p < 0.05, Fig. 3A). Our results showed that OGD/R
reduced the viability of HT22 cells, and pretreatment with
SS weakened this effect (p < 0.05, Fig. 3B). In addition, SS
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Fig. 1. Schaftoside (SS) protected against cerebral ischemia-reperfusion injury (CI/RI) and reduced apoptosis and inflammation. A. Hematoxylin and eosin
(H&E) staining was performed on hippocampal tissue; B. Neurological evaluation of rats. The examiner was blinded according to the Bederson’s method;
C. Calculation of brain water content; D. Evaluation of apoptosis in hippocampal tissue using the terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) assay; E-G. Measurement of inflammation factors (interleukin (IL)-13, tumor necrosis factor alpha (TNF-a) and IL-6) using enzyme-linked

immunosorbent assay (ELISA)

SS-L - schaftoside low-dose group; SS-M — schaftoside medium-dose group; SS-H — schaftoside high-dose group; **p < 0.01 compared to sham group;

##p < 0.01 compared to the MCAO group.

treatment significantly alleviated OGD/R-induced apopto-
sis and inflammation in HT22 cells (p < 0.05, Fig. 3C-Q).
Besides, the immunofluorescence results illustrated that
SS enhances OGD/R-induced autophagy in HT22 cells,
which was demonstrated by the upregulation of LC3 levels
(Fig. 4A). Moreover, after HT22 cells underwent OGD/R,
the ratio of LC3II/LC3I was markedly increased (p < 0.05),
while the expression of p62 was reduced (p < 0.05,
Fig. 4B-D). The SS-induced LC3II/LC3I ratio was higher
and the p62 level was lower than those in the OGD/R group
(p <0.05, Fig. 4B-D). Besides, SS treatment enhanced the p-
AMPK/AMPK ratio and weakened the p-mTOR/mTOR
ratio in OGD/R-induced HT22 cells (p < 0.05, Fig. 4B,E,F).
These findings suggest that SS can reduce OGD/R-induced
HT?22 cell injury, and the AMPK/mTOR pathway may par-
ticipate in the effects of SS on CI/RIL.

SS improved the growth of HT22 cells
by activating the AMPK/mTOR pathway

The mechanism of SS protection of HT22 cells was ex-
plored. To further determine the role of the AMPK/mTOR
pathway in HT22 cells against OGD/R, the AMPK inhibi-
tor compound C and mTOR inhibitor rapamycin were
used. Schaftoside-induced inhibition of apoptosis and in-
flammation in HT22 cells against OGD/R were enhanced
by rapamycin and blocked by compound C (p < 0.05,
Fig. 5A-D). Rapamycin amplified SS-induced autophagy
by reducing the LC3II/LC3I and p-mTOR/mTOR ratios,
and upregulating p62 levels (p < 0.05). However, compound
C showed the opposite effect (p < 0.05, Fig. 5F-]). There-
fore, SS prevented HT22 cell injury induced by OGD/R
by activating the AMPK/mTOR pathway.
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Fig. 2. Schaftoside (SS) promoted autophagy and activated the adenosine monophosphate-activated protein kinase (AMPK)/mammalian target
of rapamycin (MTOR) pathway in middle cerebral artery occlusion (MCAO) rats. A. The expression of LC3 and p62 was detected with immunofluorescence
assay; B-F. Related proteins of autophagy (LC3, p62) and the AMPK/mTOR pathway (AMPK, p-AMPK, mTOR, p-mTOR) were assessed using western blot

SS-L - schaftoside low-dose group; SS-M - schaftoside medium-dose group; SS-H - schaftoside high-dose group; DAPI - 4'6-diamidino-2-phenylindole;
GAPDH - glyceraldehyde-3-phosphate dehydrogenase; **p < 0.01 compared to the sham group; #p < 0.05 compared to the MCAO group; ##p < 0.01

compared to the MCAQ group.

Discussion

Stroke is the leading cause of death and neurological
dysfunction and places a heavy financial burden on the vic-
tims and health systems around the world. Previous stud-
ies have confirmed that CI/RI can lead to vascular injury,
blood-brain barrier damage and a series of effects on neu-
ronal injury. However, there is still a lot of work to be done
to reduce the adverse effects of CI/RI. Despite continuous
efforts to develop new treatment strategies (such as nonin-
vasive brain stimulation techniques (NIBS)37-%°), there are
no effective treatment schemes for CI/RI. This study ex-
plored the potential neuroprotective effects of SS on brain
I/R injuries and its mechanism.

Middle cerebral artery occlusion is a stable animal model
for focal transient cerebral ischemia which is similar to hu-
man cerebral ischemia.*’ Therefore, MCAOQ is widely used
in research on stroke pathology and neuroprotective drug
screenings.* Neuronal death caused by CI/RI can lead
to serious neurological deficits and cognitive impair-
ments. After ischemia, the nutritional supply to neurons
is blocked, including oxygen and glucose which play an im-
portant role in the growth of neurons.*? Therefore, OGD/R-
induced neuronal injury is used to simulate CI/RI in vitro.%®
In our study, we explored the effects of SS on CI/RI through
an in vivo model of MCAO rats and the in vitro model
of OGD/R-induced HT22 cells. Our findings suggested
that SS reduced neuronal apoptosis and inflammation and
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Fig. 3. Schaftoside (SS) increased cell viability and reduced apoptosis and inflammation in oxygen glucose deprivation/reperfusion (OGD/R)-induced
HT22 cells. A,B. The cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) assay; C,D. Cell apoptosis was measured using flow cytometry; E-G.
Inflammation factors (interleukin (IL)-1(3, tumor necrosis factor alpha (TNF-a) and IL-6) were measured using enzyme-linked immunosorbent assay (ELISA)

SS-L - schaftoside low-dose group; SS-M — schaftoside medium-dose group; SS-H — schaftoside high-dose group; **p < 0.01 compared to the control

group; ##p < 0.01 compared to the OGD/R group.

promoted autophagy in MCAO rats and OGD/R-induced
HT22 cells, and ist action was related to the activation
of the AMPK/mTOR signaling pathway.

Apoptosis, also known as programmed cell death, is a pro-
cess leading to cell death triggered by internal and external
factors.** In recent years, scholars have found that CI/RI
is closely related to apoptosis.?>® In addition, previous stud-
ies have confirmed that CI/RI causes inflammation, and re-
ducing neuroinflammation is considered to be an important
strategy to prevent CI/RL%*8 The upregulation of TREM2
can alleviate neurological dysfunction by inhibiting the in-
flammatory response and neuronal apoptosis in MCAO
mice.* It was found that magnolol reduced the production
of inflammatory factors and the expression and secretion

of normal T cells in rats, and reduced brain injury in a rat
I/R model.>° Sappanone A effectively mitigated pathologic
injury following cerebral infarction by reducing inflam-
mation, oxidative stress and apoptosis in MCAO rats and
OGD/R-induced PC12 cells.>! Stigmasterol inhibits inflam-
mation by regulating cyclooxygenase-2 (COX-2) and NF-kB
(p65) expression and attenuates apoptosis by increasing
the Bcl-2/Bax ratio and decreasing cleaved caspase-3 levels
in rats with CI/RL.%2 Similarly, our results indicate that SS
can inhibit apoptosis and inflammation in MCAO rats and
OGD/R-induced HT22 cells.

Autophagy is a complex cellular metabolic process.>
It is used as a metabolic self-defense process that differs
from necrosis and apoptosis.>* Autophagy is a complex
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Fig. 4. Schaftoside (SS)-enhanced autophagy and activation of the adenosine monophosphate-activated protein kinase (AMPK)/mammalian target
of rapamycin (mTOR) pathway in oxygen glucose deprivation/reperfusion (OGD/R)-induced HT22 cells. A. The expression of LC3 was measured with
immunofluorescence assay; B-F. Related proteins of autophagy (LC3, p62) and the AMPK/mTOR pathway (AMPK, p-AMPK, mTOR, p-mTOR) were assessed

using western blot

SS-L - schaftoside low-dose group; SS-M - schaftoside medium-dose group; SS-H — schaftoside high-dose group; DAPI - 4'6-diamidino-2-phenylindole;
GAPDH - glyceraldehyde-3-phosphate dehydrogenase; **p < 0.01 compared to the control group; ##p < 0.01 compared to the OGD/R group.

dynamic reaction, in which LC3 plays a significant role.>®
The transformation of LC3I to LC3II is considered to be
a marker of autophagy.>® The p62, as the substrate of au-
tophagy, combines with LC3 and is degraded through
a lysosomal pathway. It also plays a role in regulating
autophagy.®” Some scholars believe that autophagy plays
a neuroprotective role in CI/RL.>® Resveratrol inhibited
the expression of NLRP3 proteins and their downstream
inflammatory factors by activating the SIRT-autophagy
pathway, and played a protective role in CI/R1L.*® Ibruti-
nib reduced cerebral infarction volume, alleviated neuro-
logical impairment and CI/RI, and promoted autophagy
by activating the PI3K/AKT/mTOR pathway in diabetic
mice.®® The results of our study confirmed that SS in-
creases the LC3II/LC3I ratio and decreases p62 expres-
sion in MCAO rats and OGD/R-induced HT22 cells, which
suggests an increase in autophagic flux.

To studythe molecular mechanism of SSin CI/RI, the AMPK/
mTOR signaling pathway was evaluated. The AMPK s a ser-
ine/threonine protein kinase which is a key energy sensor

to maintain metabolic homeostasis and has been proven to in-
duce the activation of autophagy.®> The mTOR is an impor-
tant signaling molecule downstream from AMPK that plays
a negative regulatory role in autophagy.®4 Eugenol enhanced
autophagy via regulation of the AMPK/mTOR pathway, and
inhibited apoptosis in MCAO rats and OGD/R-induced HT22
cells.®> Remote limb biochemical postconditioning (RLPoC)
played a neuroprotective role by activating the AMPK sig-
naling pathway to induce autophagy.®® These studies have
confirmed that the AMPK/mTOR signaling pathway is also
involved in the regulation of inflammation and apoptosis.*”%8
Tissue-type plasminogen activator (tPA) exerted neuropro-
tective effects by increasing the phosphorylation of AMPK,
thereby inhibiting apoptosis and improving mitochondrial
function.® Dexmedetomidine improved neuroinflammation
in rats by activating the AMPK signaling pathway.”® In our
study, the phosphorylation of AMPK was enhanced and
the phosphorylation of mTOR was reduced in MCAO rats
and OGD/R-induced HT22 cells, which was amplified by SS.
Compound C (AMPK inhibitor) and rapamycin (mTOR
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Fig. 5. Schaftoside (SS)-amplified autophagy and reduced apoptosis and inflammation through the regulation of the adenosine monophosphate-activated
protein kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway in oxygen glucose deprivation/reperfusion (OGD/R)-induced HT22 cells. A,B. Cell
apoptosis was measured using flow cytometry; C-E. Inflammation factors (interleukin (IL)-1@, tumor necrosis factor alpha (TNF-a) and IL-6) were measured
using enzyme-linked immunosorbent assay (ELISA); F-J. Related proteins of autophagy (LC3, p62) and the AMPK/mTOR pathway (AMPK, p-AMPK, mTOR,
p-mTOR) were assessed with western blot

GAPDH - glyceraldehyde-3-phosphate dehydrogenase; **p < 0.01 compared to the OGD/R group; #p < 0.05 compared to the SS+OGD/R group; ##p < 0.01
compared to the SS+OGD/R group.
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inhibitor) were used in our study. Our previous studies have
demonstrated that SS reduced apoptosis and inflammation
and promoted autophagy to resist CI/RL. Our results further
confirmed that rapamycin enhances the protective effects
of SS in CI/RI, but compound C reverses the beneficial ef-
fects of SS in CI/RL

Limitations

There are some limitations in our study. Although
we evaluated the protective effect of pretreatment with
SS in CI/RI the time window of the protective effects of SS
needs to be investigated. In addition, whether SS could
reduce CI/RI through the regulation of other signaling
pathways requires further research.

Conclusions

Our study demonstrated that SS protected against CI/RI
by inhibiting apoptosis and inflammation and promot-
ing the activation of autophagy. The protective role of SS
in CI/RI may be a result of the activation of the AMPK/
mTOR signaling pathway. Our findings provide better
insight into the function of SS in CI/RI, which could con-
tribute to the clinical treatment of stroke.

Supplementary files

The data concerning verification of assumptions for
the application of the ANOVA through ANOVA test and
post hoc test with p-values are available at https://doi.
org/10.5281/zenodo.6838287.
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