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ARTICLE INFO ABSTRACT

Aralia taibaiensi, widely distributed in western China, particularly in the Qinba Mountains,
has been utilized as a folk medicine for treating diabetes, gastropathy, rheumatism, and cardi-
ovascular diseases. Saponins from A. taibaiensis (sAT) have demonstrated protective effects
against oxidative stress and mitochondrial dysfunction induced by ischemia/reperfusion
(I/R). However, the underlying mechanisms remain unclear. In vivo, middle cerebral artery
occlusion/reperfusion (MCAO/R) induced inflammatory infiltration, neuronal injury, cell ap-
optosis, mitochondrial dysfunction, and oxidative stress in the ischaemic penumbra, which
were effectively mitigated by sAT. sAT increased the mRNA and protein expression levels of
apelin and its receptor apelin/apelin receptors (ARs) both in vivo and in vitro. (Ala13)-Apelin-
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Stroke 13 (F13A) and small interfering RNA (siRNA) abolished the regulatory effects of sAT on
P38 MAPK/ATF4 . . . ' . . .
HIF-1a neuroprotection mediated by adenosine 5'-monophosphate (AMP)-activated protein kinase

(AMPK)/protein kinase B (Akt). Furthermore, sAT induced apelin/AR expression by simultan-
eously inhibiting P38 mitogen-activated protein kinase (P38 MAPK)/activating transcription
factor 4 (ATF4) and upregulating hypoxia-inducible factor-1a (HIF-1ca). Our findings indicate
that sAT regulates apelin/AR/AMPK by inhibiting P38 MAPK/ATF4 and upregulating HIF-1a,
thereby suppressing oxidative stress and mitochondrial dysfunction.

1. Introduction

The genus Aralia is widely distributed and traditionally used
in China, Japan, Korea, and the Americas for medicinal purposes.
The first recorded use of Aralia species in medicine dates back to
the Tang Dynasty (A.D. 652) in China, as documented in the "Qi-
an Jin Fang", and is also mentioned in the "Materia Medica of
Southern Yunnan", Ming Dynasty, (A.D. 1436) and "Compendium
of Materia Medica", Ming Dynasty, (A.D. 1578). These historical
texts indicate its use in treating rheumatism, lumbosacral pain,
and swelling and pain associated with sprains and fractures '
Currently, several pharmaceutical formulations containing Aralia
have been developed and marketed in China. Multiple clinical and
preclinical studies have demonstrated significant efficacy in treat-
ing metabolic diseases, cardiovascular and cerebrovascular dis-
orders, and other conditions °. Despite the observed beneficial
effects across various diseases, the underlying mechanism re-
mains largely unknown.

Aralia stipulata Franch., also known as A. taibaiensis Z.Z.
Wang et H.C. Zheng (verified in "The World Flora Online" on July
30, 2023) is a species of Aralia widely distributed in the moun-
tainous regions of central and western China, particularly in the
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Qinba Mountains. In this region, it is commonly referred to as Fly-
ing centipede seven, classified as one of the Seven Medicines of Tai
Bai, and documented in the "Taibai Mountain Botanical Records".
Traditional medicine has employed this plant in the treatment of
diabetes, gastropathy, rheumatism, and cardiovascular diseases °.
The principal bioactive compounds in A. taibaiensis are triterpen-
oid saponins, which have demonstrated significant antioxidant
and antiglycation properties (similar to those found in ginseng,
Eleutherococcus senticosus, pseudoginseng, and related plants) *,
as well as the ability to improve mitochondrial function ° and pro-
mote angiogenesis °. In a previous study, we demonstrated that
saponins from A. taibaiensis (sAT) offered protection against
ischemia/reperfusion (I/R)-induced brain injuries and con-
firmed that sAT modulated the protein kinase B (Akt)/sirtuin 1
(SIRT1)/forkhead box O3 protein (FOX03a)/peroxisome prolifer-
ator-activated receptor-y coactivator-1a (PGC-1a) pathway to en-
hance mitochondrial function ’. However, the precise mechan-
isms by which sAT regulates the Akt pathway and the potential
protein transduction contributing to these protective effects re-
main to be elucidated.

Ischaemic stroke (IS) is one of the leading causes of death
worldwide. Currently, tissue-type plasminogen activator (tPA) is
the only proven effective treatment for IS *°. However, due to its
narrow time window and other side effects, it is necessary to dis-
cover new medicines for the treatment of IS . In our research
and other studies, oxidative stress and mitochondrial dysfunction

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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have been verified to play important roles in the development of
IS 7 ''. Although many agents have shown beneficial effects
against IS in animal models, most have proven ineffective in clin-
ical trials. In brain tissue, apelin/apelin receptors (ARs) are
widely distributed and play important roles in regulating blood
pressure, appetite, angiogenesis, and other functions “'*. Our
previous research has demonstrated that apelin 13,with greater
potency than other apelin isoforms, protects against ischemia-in-
duced brain oxidative stress and mitochondrial dysfunction by
regulating the adenosine 5'-monophosphate (AMP)-activated
protein kinase (AMPK)-mediated antioxidant pathway °. Al-
though its neuroprotective effects have been demonstrated in
many animal experiments, the poor stability, difficulty in clinical
administration, and high invasiveness of apelin 13 have limited
its use to intraventricular injection ®'>'°. To harness the neuro-
protective effects of apelin 13, itis necessary to identify chemic-
als or herbal components that can activate the apelin/AR in the
brain.

Given the comparable pharmacodynamic effects of sAT and
apelin 13 in ameliorating mitochondrial dysfunction in the brain
ischemia/reperfusion (I/R) model, we hypothesized that sAT
might influence the expression of apelin 13. Preliminary experi-
ments supported this hypothesis. However, the precise role of
apelin 13 in mediating the effects of sAT remains to be elucidated.
The mechanism by which sAT regulates apelin 13 in the brain is
not yet fully understood. This study aims to address these ques-
tions and provide experimental evidence for the potential thera-
peutic application of sAT and targeted chemical compounds of
apelin/AR in ischemic brain injury.

2. Materials and Methods

2.1. Materials

Fetal bovine serum (FBS) was obtained from Zhejiang
Sijiging Biotechnology Co., Ltd. (Hangzhou, China). Penicillin—
streptomycin solution and Dulbecco’s Modified Eagle’s medium
(DMEM) were procured from HyClone (Logan, UT, USA). JC-1,
TTC, SB203580, anisomycin, and dihydroethidium (DHE) were
acquired from Sigma-Aldrich Co. (St. Louis, USA). A fluorescent
terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) staining kit was sourced from Roche (Germ-
any). ATP, 4-Hydroxynonenal (4-HNE), 8-hydroxy-2'-deoxy-
guanosine (8-OHdG), and nitrotyrosine measurement kits were
obtained from Jiancheng Biotechnology (Hangzhou, China). s-
100 Elisa kit was purchased from Signalway Antibody (Nanjing,
China). anti-P-P38 mitogen-activated protein kinase (P38 MAPK),
Anti-UCP2, anti-SOD2, anti-TAFM, anti-P38 MAPK, anti-ATF4,
anti-hypoxia-inducible factor-1a (HIF-1a), anti-P-FOXO03a, anti-
FOXO03a, anti-P-PGC-1a, anti-P-Akt, anti-PGC-1a, anti-SIRT1, anti-
AMPK, anti-Akt, anti-P-AMPK, anti-UCP2, anti-SOD2, anti-NRF1,
anti-acetylated lysine, and anti-$-actin primary antibodies were
acquired from Cell Signaling Technology (Beverly, MA, USA). Ape-
lin and AR primary antibodies were obtained from Abcam (USA).
Translocase of outer mitochondrial membrane 20 (TOMM20),
cytochrome c oxidase subunit I (COX I), and cytochrome c oxi-
dase subunit IV isoform 1 (COX IV) primary antibodies were
sourced from Proteintech (Wuhan, China). Secondary antibodies
(Goat anti-rabbit, Goat anti-rat) were procured from Boster Bio-
logical Technology (Wuhan, China). Lipofectamine 3000 reagent
was obtained from Life Technologies (CA, USA). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel pre-
paration kits and bicinchoninic acid assay (BCA) protein assay
kits were acquired from Solarbio (Beijing, China). The quantitat-
ive reverse transcription polymerase chain reaction (qRT-PCR)
kit was obtained from Takara Bio (Japan). All other chemicals
used were of the highest purity grade commercially available.
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2.2. Preparation of sAT and high-performance liquid chromato-
graphy (HPLC) analysis

The root bark of A. taibaiensis was collected from Mountain
Taibai, Meixian, Shaanxi Province, China. Initially, dried root bark
(100 g) was ground into powder and extracted three times with
10-fold (V/V) 80% ethanol under reflux for 1 h each time. Sub-
sequently, the ethanol extract was concentrated and suspended
in distilled water, followed by three separate fractionations using
3-fold (V/V) n-butanol saturated with water. Finally, the n-butan-
ol extracts were combined and evaporated using a rotary evapor-
ator at 60 °C . The yield of SAT was 10.57% (W/W). Aralosode A,
stipuleanoside R2, aralosode C, chikusetsusaponin IVa, pseudo-
ginsenoside RT1, and tarasaponin IV were commercially ob-
tained from Baoji Herbest Bio-Technology Co., Ltd., with a purity
exceeding 98%.

To analyze the contents in sAT, a Waters e2695 alliance
HPLC separations module equipped with a PFchrom EP C18 chro-
matographic column (4.6 nm x 250 nm, 5 pum, 120 A) at
30 °C was utilized. The UV absorbance of the samples was meas-
ured at 203 nm. The mobile phase composition employed solvent
A (acetonitrile) and solvent B (0.1% phosphoric acid aqueous
solution). The gradient program was established as follows: 0-10
min: 5%-20% A, 10-25 min: 20%-28% A, 25-35 min: 28%-33%
A, 35-45 min: 33%-38% A, 45-55 min: 38%-46% A, 55-60 min:
46%-60% A, 60-70 min: 60%-75% A, 70-80 min: 75%-45% A,
80-90 min: 45%-5% A. A sample volume of 10 pL of the sAT
solution was injected into the HPLC system, with the flow rate set
at 0.8 mL-min”",

2.3. Animals cerebral ischemia model and drug administration

Male C57BL/6 mice, aged 5-6 weeks (22-25 g), and male
Sprague Dawley rats, aged 3 months (200-230 g), were obtained
from the Experimental Animal Center of the Fourth Military Med-
ical University. Animals were provided ad libitum access to wa-
ter and food and housed in a standardized facility with controlled
temperature (22-25 °C), humidity (45%-50%), and a 12-h light/
dark cycle. The protocols were approved by the Ethics Commit-
tee for Animal Experimentation of the Northwestern Polytechnic-
al University. All animal experiments were conducted in accord-
ance with the Guidelines for Animal Experimentation of the Nor-
thwestern Polytechnical University and the Guide for the Care and
Use of Laboratory Animals, 8" edition, 2011 (No. 202101118).

Animals were anesthetized with chloral hydrate (400
mg-kg™, i.p.). Under an in vivo microscope, the right common ca-
rotid artery (CCA) and external carotid artery (ECA) were ex-
posed. The internal carotid artery (ICA) was incised up to the
middle cerebral artery. Subsequently, the ECA end was ligated
with a surgical suture, and the CCA was permanently occluded
with a microvascular clamp while temporarily occluding the ICA.
A small incision was then made on the ECA, and a nylon thread
(diameter: 0.36 mm) was inserted. The nylon thread was care-
fully and slowly advanced through the ICA until slight resistance
was felt, indicating that the tip had wedged into the origin of the
anterior cerebral artery, resulting in cerebral artery occlusion.
After 1.5 h of ischemia induction, the nylon thread was slowly re-
moved '®. Subsequently, animals were administered three differ-
ent doses of sAT at low, medium, and high levels, corresponding
to 80, 160, and 320 mg-kg™", respectively. Both the control group
and the model group were administered the same volume of sa-
line.

2.4. Behavioral-Rotarod test

Upon setting the rotation speed and connecting the power
supply, the wheel initiates automatic rotation. The rotational
speed incrementally increases from 2 to 50 r-min' over a 5-
minute duration. The mice undergo initial training to acclimate to
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the wheel, followed by three successive 5-minute experiments. A
30-minute rest period is provided between each experiment. The
time intervals and rotational speeds at which the mice lose bal-
ance and fall from the rotating rod during the final three experi-
ments are documented for subsequent analysis. 2.5 HE, Nissl
staining, Immunohistochemistry and Immunofluorescence.

2.5. Haematoxylin and eosin (HE), Nissl staining, Immunohisto-
chemistry and Immunofluorescence

Brain tissues were prepared and fixed in 4% paraformalde-
hyde for 24 h, followed by embedding in paraffin and sectioning
into slices 4 pm slices. The brain sections underwent HE or Nissl
staining according to standard protocols and were examined us-
ing an optical microscope (Olympus, Japan).

For immunohistochemistry, the tissue sections underwent
treatment with xylene, varying concentrations of alcohol, and 1%
H,0,. Antigen retrieval was conducted by heating at 95 °C for 10
min. Subsequently, the sections were incubated with primary an-
tibodies against TOMM20 (1:200), COX I (1:200), COX IV
(1:200), SOD2 (1:200), and mitochondrial transcription factor A
(TFAM) (1:200) at 4 °C for 12 h. This was followed by incubation
with secondary antibodies for 30 min and streptavidin-peroxi-
dase for an additional 40 min. The stained sections were then ex-
amined using an optical microscope (Olympus, Japan).

For immunofluorescence, the sections were incubated with
anti-apelin13 (1:200), AR (1:200), and Z0-1 (1:200) antibodies
at 4 °C for 12 h. Subsequently, the sections were incubated with
fluorescent secondary antibodies for 30 min. The stained sec-
tions were then observed using a laser scanning confocal micro-
scope (Nikon, Japan).

2.6. TUNEL staining

TUNEL staining was employed to identify apoptotic cells in
the ischaemic penumbra. A fluorescent TUNEL staining kit
(Roche, Germany) was utilized following the manufacturer's pro-
tocol. The sections were incubated with a TUNEL reagent mix-
ture and 4',6-diamidino-2-phenylindole (DAPI) at 37 °C for 30
min, then examined using a laser scanning confocal microscope
(Nikon, Japan).

2.7. Quantification of s-100f in serum

The serum s-1008 levels were quantified using a Mouse Pro-
tein S100-B ELISA Kit (Signalway Antibody). Serum samples were
collected using serum separation tubes (SST), allowing the blo-
od to clot for 30 min before centrifugation at approximately
1000 x g for 15 min. A 100 pL aliquot of serum was used for ana-
lysis. The optical density of each well was immediately measured
using a microplate reader set to 450 nm wavelength.

2.8. Quantification of ATP in brain tissues

The ATP levels in the ischaemic penumbra were quantified
using an ATP measurement kit (Beyotime Biotechnology).
Ischaemic penumbra tissues (20 mg) were harvested, lysed, and
subsequently centrifuged at 4 °C and 12 000 x g for 5 min. The
resulting supernatant was collected for further analysis. An ATP
standard curve was generated, and the ATP content in the sample
was determined based on this standard curve.

2.9. Quantification of ROS in brain tissues

I/R stimulates the generation of reactive oxygen species
(ROS) and leads to the peroxidation of lipids, DNA, and proteins.
DHE is a reagent employed to detect the presence of ROS. 4-HNE
is a product of lipid peroxidation, 8-OHdG is a DNA oxidation
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product, and nitrotyrosine is a protein oxidation product. These
markers are quantified in the ischemic penumbra region follow-
ing the manufacturer's protocol.

2.10. Cell culture and treatments

In vitro experiments were conducted using the mouse hippo-
campal neuronal cell line, HT22 cells. The cells were cultured in
DMEM containing 10% fetal bovine serum and antibiotics (peni-
cillin, 100 IU-mL™"; streptomycin, 100 pg-mL™") at 37 °C in a hu-
midified incubator with 5% CO, . SB203580 (1 umol-L™") and ani-
somycin (1 umol-L™") were applied in conjunction with sAT to
HT22 cells for 24 h, followed by incubation with Earle's balanced
salt solution (116 mmol-L™ NaCl, 5.4 mmol-L™" KCI, 0.8 mmol-L™
MgS0,, 1 mmol-L™" NaH,PO,, 0.9 mmol-L™ CaCl,, and 10 mg-L™
phenol red) in a hypoxia chamber (Thermo Scientific, USA) con-
taining a gas mixture of 95% N2 and 5% CO, for 3 h. Then, the
cells were treated with the normal culture medium with or
without sAT at doses of 15, 30, and 60 ug-mL'l, and SB203580
(1 pmol-L™) or anisomycin (1 pmol-L™") for 6 h to imitate the
reperfusion process. The cells treated under normal conditions
serve as the control group.

2.11. siRNA transfection

The overexpression lentiviruses for activating transcription
factor 4 (ATF4) and the small interfering RNA (siRNA) plasmids
for AR, ATF4, and HIF-1a were acquired from Santa Cruz Biotech-
nology. Transfection was conducted using Lipofectamine 3000
reagent for 48 h, and the transfection efficiency was verified by
Western blotting. Subsequently, the transfected cells were util-
ized in relevant experiments.

2.12. DHE staining and JC-1 staining

Following various treatments, the cells underwent staining
with dihydroethidium (DHE, 1 pmol-L™") and JC-1 (2 pumol-L™) for
20 min. The stained cells were then observed using a laser scan-
ning confocal microscope (Nikon, Japan).

2.13. Western blotting

Proteins from brain tissues and HT22 cells (30 pg) were sep-
arated using SDS-PAGE and transferred onto polyvinylidene flu-
oride (PVDF) membranes, followed by blocking for 1 h. The mem-
branes were incubated with primary antibodies at 4 °C overnight
and with secondary antibodies (1:5000) for an additional 30
min. Subsequently, the membranes were visualized using an en-
hanced chemiluminescence (ECL) kit and scanned by image-ana-
lysis systems (Bio-Rad, USA).

2.14. Statistical analysis

Data are presented as the mean + standard deviation. Statist-
ical analysis was conducted using GraphPad Software (GraphPad
Prism 5.0 Inc., La Jolla, CA), employing one-way ANOVA followed
by Tukey's test. A P value < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Analysis of the main saponins in sSAT

The chromatogram of the primary components of the mixed
reference standard and saponins of sAT was obtained through
HPLC following the methodology described in the Methods sec-
tion (Figs. 1A and 1B). The saponin composition in sAT was iden-
tified using Chikusetsu saponin [Va, stipuleanoside R2, pseudo-
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ginsenoside RT1, araloside A, tarasaponin IV, and araloside C
standard substances to determine the chromatographic peak and
retention time (Supplemental result. Fig. S1). The retention time
of tarasaponin IV was 42.618 min, with a content in sAT of 109.8
mg-g . Araloside C had a retention time of 43.117 min and a con-
tent in sAT of 338.9 mg-g™". Stipuleanoside R2 exhibited a reten-
tion time of 44.064 min, with its content in sAT being 197.5
mg-g”. Pseudoginsenoside RT1 showed a retention time of
46.475 min, with a content in sAT of 19.6 mg-g". Araloside A had
a retention time of 47.409 min and a content in sAT of 92.9
mg-g ™. Lastly, chikusetsu saponin IVa demonstrated a retention
time of 49.52 min, with a content in sAT of 1.39 mg-g™".

3.2. sAT mitigated the brain injuries induced by middle cerebral
artery occlusion/reperfusion (MCAO/R)

Chinese Journal of Natural Medicines 23 (2025) 299-310

through decreased infarct size and improved neural deficit
scores. To further validate these neuroprotective effects, we con-
ducted behavioral experiments, quantified serum s-100f levels,
and performed HE and Nissl staining. The elevated s-100f levels
in the serum of the MCAO/R group indicated severe nerve dam-
age. However, sAT treatment significantly mitigated MCAO/R-in-
duced nerve injury (Fig. 2A). In behavioral experiments, mice in
the MCAO/R group exhibited shorter latency to fall and slower
speed at fall. Conversely, mice in the sAT treatment group
demonstrated significantly longer latency to fall and higher speed
at fall compared to the MCAO/R group (Figs. 2B and 2C). HE
staining revealed inflammatory infiltration in brain tissue in the
MCAO/R group, with immune cell infiltration and/or microglial
activation observed in the ischaemic penumbra (Fig. 2D). In the
sAT treatment groups, particularly the high-dose group, neuron-

Our previous study indicated the protective effects of sAT al morpholo improved, and inflammatory infiltrations de-
y y
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creased significantly. Nissl staining results also showed that
MCAO/R induced neuronal injury characterized by shrunken cell
bodies and pyknotic nuclei (Fig. 2E). sAT treatment significantly
improved neuron cell morphology and decreased the number of
injured neurons. TUNEL staining, which indicates cell apoptosis
rate in the ischaemic penumbra induced by MCAO/R, showed ap-
proximately 60% of cells stained with TUNEL and DAPI in Fig. 2F,
there were about 60% cells stained with TUNEL and DAPI, indic-
ating massive apoptosis in these sections. In the sAT treatment
group, TUNEL-positive staining cell numbers were significantly
reduced. These results demonstrate that sAT treatment inhibited
MCAO/R-induced brain injuries.

3.3. sSAT improved mitochondrial functions

Oxidative phosphorylation is the primary function of mito-
chondria; thus, related indicators were measured to assess mito-
chondrial function. TOMM20, COX I, COX IV, SOD2, and TFAM
play crucial roles in ATP production and membrane potential
maintenance, serving as markers of mitochondrial function . In
the ischaemic penumbra of the MCAO/R group, TOMM20 expres-
sion levels were decreased, and sAT treatment significantly elev-
ated the expression levels of TOMM20 (Fig. 3A). The immunobhis-
tochemical results for COX I, COX IV, SOD2, and TFAM demon-
strated that sAT increased their expressions, which were dimin-
ished by MCAO/R operation (Figs. 3B-3E). MCAO/R treatment
significantly reduced ATP levels, while sAT increased ATP levels
in a dose-dependent manner (Fig. 3G). These findings indicate
that sAT ameliorated the mitochondrial dysfunction induced by
MCAO/R.

DHE staining results demonstrated the inhibitory effect of
sAT on ROS production (Fig. 3F). The extent of oxidative stress
was assessed by measuring the levels of 4-HNE, 8-OHdG, and ni-
trotyrosine. The results indicated that MCAO/R operation
creased the production of 4-HNE (Fig. 3H), 8-OHdG, and nitrotyr-
osine (Fig. 31), suggesting that MCAO/R induced lipid, DNA, and
protein oxidation in brain tissues. Following sAT treatment, the
levels of ROS, 4-HNE, 8-OHdG, and nitrotyrosine were all re-
duced, indicating that sAT exhibited anti-oxidative properties.

in-

3.4. sAT protected MCAO/R-induced brain injury through apelin/
AR

To investigate the effects of sAT on the apelin system and its
potential role in sAT's neuroprotective effects, mRNA and pro-
tein expression levels of apelin and its ARs were measured in
HT22 cells and brain tissue. The mRNA levels of apelin and AR
were both significantly reduced in the oxygen-glucose depriva-
tion/reperfusion (OGD/R) treatment group, while apelin protein
levels were significantly decreased. Following sAT treatment,
apelin 13 and AR mRNA levels increased significantly, and the
protein levels of apelin increased in a dose-dependent manner
(Figs. 4A-4D). Similar results were observed in the MACO/R-in-
duced brain injury model (Figs. 4E-4H). These findings suggest
that sAT can induce the expression of apelin 13 and the AR brain
cells.

To confirm whether apelin 13 mediates the protective effects
of sAT during MCAO/R, (Ala13)-Apelin-13 (F13A) was employed.
As illustrated in Fig. 41, F13A treatment significantly negated the
inhibitory effect of SAT on cerebral infarction. F13A administra-
tion also counteracted the effects of sAT on neurological deficit
scores (Fig. 4]) and NSE levels (Fig. 4K). In Fig. 4L, the ZO-1 im-
munofluorescence in the sAT group appeared bright and uni-
formly distributed. However, in the F13A + sAT treatment group,
the level of ZO-1 was reduced, and its integrity was comprom-
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ised. Tuj1l, a biomarker of neurons, showed lower expression
levels in the F13A group compared to the sAT treatment group.
The TUNEL staining results (Fig. 4M) also revealed a higher num-
ber of apoptotic cells in the ischemic penumbra of the F13A + sAT
treatment group compared to the sAT group (P < 0.01). In Fig. 4N,
compared with the sAT group, TOM20, SOD2, and TFAM immun-
ohistochemical results demonstrated lower levels in the F13A +
sAT treatment group. These findings indicate that apelin 13 plays
a crucial role in mediating the neuroprotective effects of sAT.

3.5. Regulatory effects of sSAT on AMPK/Akt occurred through ape-
lin/AR

In previous studies, we demonstrated that sAT induced
AMPK and Akt phosphorylation in the myocardium; however, the
mechanism by which sAT activates these pathways remained un-
clear. To elucidate whether sAT regulated Akt through AMPK,
Compound C (a selective AMPK inhibitor, 10 pmol-L™) was used
in combination with sAT. Compared to the sAT treatment group,
the phosphorylation level of Akt was significantly reduced by
Compound C (Fig. 5A). To determine whether sAT regulated
AMPK through Akt, LY294002 (a selective Akt inhibitor, 20
umol-L™") was used in combination with sAT. Compared to the
sAT treatment group, the phosphorylation level of AMPK was sig-
nificantly reduced by LY294002 (Fig. 5B). These results indic-
ated a crosstalk relationship between AMPK and Akt during sAT
treatment. To verify whether sAT induced the activation of
AMPK/AKkt through apelin/AR, siRNA targeting AR was used to
knock down AR expression (Fig. 5C). Compared to the scrb + sAT
group, siAR abolished the AMPK and Akt phosphorylation in-
duced by sAT in brain cells subjected to OGD/R (Fig. 5D). These
findings suggest that sAT activates AMPK/Akt through apelin/AR.

3.6. siAR transfection inhibited the protective effect of SAT

To further elucidate the regulatory effects of sAT on
AMPK/AKkt, potentially mediated through apelin/AR, the down-
stream effectors of AMPK/Akt were examined. Compared to the
scrb + sAT group, PGC-1a and FOX03a phosphorylation levels,
which were elevated by sAT treatments, were diminished by si-
AR treatment. SIRT1, another downstream target of Akt with
deacetylation capabilities, was also reduced by siAR transfection
(Fig. 6A). In comparison to the OGD/R + sAT group, CAT, SOD2,
NRF1, and UCP2, which are downstream of PGC-1a and FOX03a,
were decreased in the sAT + siAR group (Fig. 6B). The acetyla-
tion levels of PGC-1a and FOX03a, regulated by SIRT1, were sig-
nificantly increased by siAR treatment (Fig. 6C). Moreover, siAR
transfection significantly negated the protective effect of sAT on
cell viability (Fig. 6D) and ATP production (Fig. 6E). siAR also
promoted ROS production (Fig. 6F) and increased the mitochon-
drial membrane potential (Fig. 6G), indicating that the protective
effects of sAT against oxidative stress and mitochondrial dysfunc-
tion were mediated by apelin/AR. These findings suggest that
sAT induced AMPK/Akt activation to counter oxidative stress and
mitochondrial dysfunction via the apelin/AR pathway.

3.7.sAT regulated apelin expression partly by inhibiting P38
MAPK/ATF

P38 MAPK/ATF4 exhibits an opposing regulatory effect on
apelin expression. To investigate whether sAT induced apelin ex-
pression by inhibiting p38 MAPK/ATF4, the phosphorylation
level of p38 MAPK and ATF4 protein expression were assessed.
As illustrated in Figs. 7A and 7B, p-p38 MAPK and ATF4 levels
were elevated by MCAO/R treatment in animals or OGD/R treat-
ment in HT22 cells. These alterations were mitigated by sAT,
demonstrating its inhibitory effects on p38 MAPK/ATF4. To con-
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firm the regulatory effect of p38 MAPK on apelin expression, an
inhibitor of p38 MAPK, SB203580, and an activator of p38 MAPK,
anisomycin, were employed. Fig. 7C shows that SB203580 treat-
ment decreased p-p38 MAPK and ATF4 expression levels while
increasing apelin 13 expression; conversely, anisomycin in-
creased p-p38 MAPK and ATF4 expression levels while reducing
apelin 13 expression. SB203580 (an inhibitor of p38 MAPK, 1
umol-L™") and anisomycin (an activator of p38 MAPK, 1 umol-L™)
were co-cultured with sAT to verify the role of p38 MAPK in sAT-
mediated regulation of apelin 13. As shown in Fig. 7D, compared
to the sAT treatment group, the anisomycin + sAT group exhib-
ited lower levels of apelin 13 expression and higher levels of
ATF4 expression, while the SB203580 + sAT treatment increased
apelin 13 and decreased ATF4 expression levels.

Subsequently, the regulatory effects of ATF4 on apelin ex-
pression were confirmed through siRNA knockdown (Fig. 7E)
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and ATF4 overexpression experiments. As illustrated in Fig. 7F,
siATF4 enhanced the expression of apelin 13, while ATF4 overex-
pression reduced it, demonstrating that ATF4 suppressed apelin
13 expression in neurons. siATF4 amplified apelin 13 expression
in conjunction with sAT effects, whereas ATF4 overexpression
significantly diminished sAT-induced apelin 13 expression (Fig.
7G). The cell viability (Fig. 7H) and ATP measurement (Fig. 71)
results further corroborated that siATF4 augmented the protect-
ive effects of sAT, while ATF4 overexpression attenuated them.
These findings confirmed that sAT increased apelin 13 expres-
sion by inhibiting the p38 MAPK/ATF4 pathway (Fig 7]).

3.8. sAT regulated apelin expression partly by activating HIF-1a

HIF-1a is another upstream target of apelin. To investigate
whether sAT induced the expression of apelin through HIF-1a,
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HIF-1a protein expression levels were initially assessed. As illus-
trated in Fig. 8A and B, sAT increased HIF-1a expression levels in
the MCAO/R animal model and HT22 cell OGD/R model in a dose-
dependent manner. Subsequently, HIF-1a was knocked down us-
ing siRNA transfection (Fig. 8C). Compared to the sAT treatment
group, siHIF-la significantly reduced the protein expression
levels of apelin 13 (Fig. 8D). Additionally, siHIF-1a significantly

diminished the protective effects of sAT on HT22 cells, as evid-
enced by decreased ATP levels (Fig. 8E), reduced cell viability
(Fig. 8F), and increased apoptosis rates (Fig. 8G). An elevated mi-
tochondrial membrane potential, indicated by increased green
fluorescence and decreased red fluorescence, was observed in
the sAT + siHIF-1a group (Fig. 8H). DHE staining results demon-
strated that siHIF-1a negated the inhibitory effect of sAT on ROS
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production (Fig. 8I). These findings suggest that sAT regulates
apelin 13 expression partly through the upregulation of HIF-1a

(Fig. 8]).
4. Discussion

Saponins demonstrate beneficial effects across various tis-
sues by inhibiting inflammation, apoptosis, oxidative stress, and
mitochondrial dysfunction *’. Saponins exert beneficial effects in
inhibiting inflammation, apoptosis, oxidative stress, and mito-
chondrial dysfunction in many tissues *'. These compounds have
shown promise in treating brain-related disorders, including
Huntington’s disease, stroke, Alzheimer’s disease, and Parkinson’
s disease **. Steroidal saponins extracted from Anemarrhena as-
phodeloides Bunge (sAT) are derived from an edible medicinal
plant and exhibit therapeutic potential in metabolic, cardiovascu-
lar, and renal diseases ' ****. Our previous research revealed
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that sAT inhibits oxidative stress and mitochondrial dysfunction
induced by brain I/R through the Akt/SIRT1 pathway ’. The
present study demonstrates that ARs are involved in sAT-medi-
ated regulation of the AMPK/Akt pathway. Furthermore, P38
MAPK/ATF4 and HIF-1a play crucial roles in this process.
Apelin/AR has demonstrated protective effects against
ischemia-induced neural injuries in previous studies, including
our own. Our research revealed that apelin 13 inhibits oxidative
stress and inflammation in a brain I/R model. Wu et al. found that
apelin 13 alleviated endoplasmic reticulum (ER) stress in early
brain injury following subarachnoid hemorrhage by regulating
the AMPK/TXNIP/NLRP3 pathway **. Moreover, in a cerebral I/R
model, apelin 13 treatment inhibited neuronal apoptosis and
autophagy by modulating the Akt pathway “. These findings sug-
gest that chemical compounds or drugs regulating apelin/AR may
be beneficial for treating neuronal injuries. Based on RNA-Seq
results from brain tissue treated with sAT, we hypothesized that
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apelin 13 partially contributes to the protective effects of sAT in
the brain I/R model. To test this hypothesis, we measured apelin
13 and AR expression levels in animal brain tissues and HT22
cells. As anticipated, sAT promoted the expression of apelin 13
and AR atboth protein and mRNA levels in brain tissues and
HT22 cells. F13A, an antagonist of AR, negated the neuroprotect-
ive effects of sAT. These results indicate that the regulatory ef-
fects of SAT on mitochondrial function and oxidative stress might
partially occur through the upregulation of Apelin/AR.

Both sAT and apelin/AR demonstrate promotional effects on
AMPK and Akt phosphorylation in the cerebral I/R model. To
confirm whether sAT regulates AMPK and Akt phosphorylation
through the apelin/AR pathway, siAR transfection was per-
formed. The results indicate that siAR abolished the phosphoryla-
tion of AMPK and Akt induced by sAT, suggesting that sAT regu-
lates AMPK/AKkt potentially through apelin/AR. The SIRT1-medi-
ated anti-oxidative pathway was identified as the downstream
of AMPK/Akt °”**, To further confirm the regulatory role of sAT
on apelin/AMPK/AKkt, the levels of SIRT1 and its downstream tar-
gets were measured. SIRT1 is a nicotinamide adenine dinuc-
leotide (NAD)-dependent deacetylase that directly regulates per-
oxisome proliferator-activated receptors y coactivator 1la (PGC-
1a), an important factor in mitochondrial energy metabolism *.
When PGC-1a content and activity are inhibited by I/R, it leads to
a disorder of mitochondrial energy metabolism in neurons and
glia, thus inducing brain injuries *°. Additionally, SIRT1 also regu-
lates FOXO activity through its deacetylase activity. Previous
studies have shown that FOX03a plays important roles in regulat-
ing oxidative stress and mitochondrial energy metabolism by
promoting antioxidant protein expression “’. To confirm whether
the protective effects of sAT occur through regulating SIRT1 via
apelin/AR, their expression and phosphorylation levels were
measured. The results showed that sAT upregulated the expres-
sion of SIRT1 and the phosphorylation of PGC-1a and FOX03a.
However, siAR abolished the regulatory effects of sAT on SIRT1
expression and PGC-la and FOX03a phosphorylation. Addit-
ionally, siAR also reversed the protective effects of sAT against
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oxidative stress and mitochondrial dysfunction. These results
suggest that sAT regulates AMPK/Akt/SIRT1 by mediating Ape-
lin/AR.

Subsequently, we sought to elucidate the specific protein or
pathway involved in the regulatory effects of sAT on apelin/AR.
Previous research has shown that apelin/AR is transiently regu-
lated by I/R *'. Ischemia and glucose deprivation have been found
to induce the expression of Apelin and AR in the early stages by
increasing HIF-1a *°. The promoter regions of the Apelin and AR
genes are situated within regulation regions of hypoxia response
elements (HREs). When HIF-1a is activated and binds to HREs, it
triggers the transcriptional expression of apelin and AR *. In the
later stages of ischemia, secondary injury factors (such as oxidat-
ive stress and inflammation) have been observed to reduce ape-
lin and AR expression *'. Given these findings, we investigated the
regulatory effect of SAT on HIF-1a. Our results demonstrated that
sAT increased HIF-1a protein expression levels in both brain tis-
sues and HT22 cells. Notably, knockdown of HIF-1a by siRNA sig-
nificantly attenuated the expression of apelin 13, which had been
upregulated by sAT. Moreover, the protective effects of sAT on
mitochondrial dysfunction and oxidative stress were also inhib-
ited by siHIF-1a. These findings suggest that sAT upregulates
apelin expression, at least in part, through the induction of
HIF-1a.

Following ischemia, reperfusion induces a reduction in Ape-
lin/AR. During reperfusion, the secondary inflammatory
sponse inhibits apelin and AR expression by directly targeting the
apelin gene promoter and downregulating its expression **. ER
stress is a major factor in I/R injury and is activated only during
the brain reperfusion stage *°. ATF4, regulated by p38 MAPK,
plays a crucial role as a transcription factor in regulating apelin
expression within the ER *°. Within the apelin promoter, the
CCAAT/enhancer-binding protein-b (C/EBP-b) sites are bound by
ATF4, resulting in reduced expression of apelin *’. As the main
saponin component in SAT demonstrated inhibitory effects on the
P38 MAPK pathway in LPS-stimulated THP-1 cells **, we hypo-
thesized that sAT induces apelin expression by inhibiting P38

re-
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Fig. 8 The effects of sAT on apelin expression were partially mediated through HIF-1a induction. Varying concentrations of sAT increased HIF-1a expression levels in brain
tissues (A) and HT22 cells (B). C. SiHIF-1a significantly reduced the protein expression level of HIF-1a. D. HT22 cells were transfected with siHIF-1a and subsequently
treated with sAT and OGD/R. Apelin 13 protein levels were measured after different treatments. E. ATP levels were assessed in the sAT and sAT + siHIF-1a groups. F. Cell vi-
ability was evaluated using CCK8 in the sAT and sAT + siHIF-1a groups. G. Apoptosis rate was determined by FACS in the sAT and sAT + siHIF-1a groups. H. Mitochondrial
membrane potential was assessed using JC-1 staining in the sAT and sAT + siHIF-1a groups. x 200. I. ROS levels were measured by DHE staining in the sAT and sAT + siHIF-
1a groups. x 200. J. SAT modulated the expression of apelin 13 partially through HIF-1a upregulation. The columns and error bars represent the means + SDs (n = 3). "P <

0.01 vs Con; “P<0.01vs model; **P < 0.01 vs sAT treatment group.

MAPK/ATF4. Indeed, sAT exhibited inhibitory effects on P38
MAPK/ATF4. Further confirmatory experiments revealed that en-
hancing the upregulation of apelin expression by sAT can be
achieved by inhibiting P38 MAPK with an inhibitor or siRNA
knockdown of ATF4, intensifying the protective effects of sAT.
Based on these results, we confirmed that sAT partially induced
apelin expression by inhibiting P38 MAPK/ATF4.

5. Conclusion

In conclusion, this study demonstrated that sAT mitigated
I/R-induced nerve cell injury by activating the apelin/AR-medi-
ated pathway. Additionally, the research revealed that inhibition
of P38 MAPK/ATF4 and activation of HIF-1a contributed to the
effects of sAT on apelin/AR in the brain. These findings not only
elucidate the potential mechanism and effective components of
sAT but also suggest that the apelin/AR system may serve as a
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significant target for ischaemic events in the brain.
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